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ABSTRACT
This body of work consists of four manuscripts regarding coastal vulnerability
assessment methods, the use of geosynthetics to reinforce coastal systems including case
studies, and the development of fragility curves to quantify the resilience of reinforced
coastal systems.
Coastal Vulnerability Assessment Methods
Recurring hazards have the potential to continually degrade natural and constructed
coastal protection systems especially if the time between subsequent hazards is shorter than
a natural recovery cycle or an assess-scope-fund-construct recovery project timeline. The
natural recovery process cannot be changed, so the efficiency of assessing hazard impacts
and implementing resilient recovery efforts needs improvement to minimize the
vulnerability of coastal communities. This paper focuses on three methods to conduct post
hazard coastal assessments: Real Time Kinematic-Differential Geographical Positioning
System (RTK-DGPS) surveys, Structure-from-Motion (SfM) photogrammetry surveys
using close-range aerial photography, and boat-based mobile terrestrial laser scanner and
interferometric sonar surveys. Each of the methods have strengths to produce detailed
Digital Elevation Models (DEMs) to document where vulnerabilities exist and limitations
that may reduce accuracies if not properly accounted for. A better understanding of each
survey method will improve the quality of post hazard assessments and reduce the time
associated with recovery projects, which can serve to improve a community’s resilience to
subsequent hazards as highlighted in the Montauk, NY socio-economic case study.

Geosynthetic Reinforced Dunes and Bluffs: No Longer Just an Emergency Solution
for Shoreline Protection and Improving Resiliency?
“Soft” coastal protection systems, such as Geotextile Sand Containers (GSCs) and Geotubes, have been used in emergency or temporary applications for decades to stabilize
erosion hot spots and protect homes from extreme storm events. These systems have the
potential to protect coastlines, particularly when buried as a core of a dune from larger
storm events (e.g. 25 or 50-year storms) while providing flexibility to account for
uncertainty in rates of sea level rise and storm frequency. The objective of this paper is to
present results of an on-going field study to assess the performance of GSC reinforced
dunes in Montauk, NY. Performance of a geo-tube reinforced bluff in Nantucket, MA is
also discussed. While laboratory experiments and numerical models have been developed
to predict the hydraulic stability of coastal revetments made of GSCs, there is limited
performance data of these systems, especially when they are used to reinforce the core of
a natural dune system.
Field Performance of Reinforced Dunes for Improving Coastal Resilience
Increased coastal erosion rates have forced communities to rethink how to manage
vulnerable coastlines. In many locations there is a trend towards implementing temporary
engineering solutions, such as geotextile sand containers (GSCs) and geo-tubes, to stabilize
erosion hot spots and assess the impact of these designs while long-term solutions are
developed. GSCs and geo-tubes have the potential to increase the resilience of natural
systems to protect coastlines from smaller storm events (e.g. 25-year storms) while
providing flexibility in design considering the uncertainty regarding future rates of sea
level rise and storm frequency. The objective of this paper is to summarize the performance

of geotextile stabilized coastal sites and present results of on-going field studies to assess
the performance of GSC reinforced dunes in Montauk, NY. The better-than-expected,
resilient performance of GSCs and geo-tubes at most locations and recent reinforcement of
dunes, bluffs, and shorelines in New York, Massachusetts, and Hawaii emphasizes the need
for continued field research and in situ monitoring to collect high-quality performance data
to better evaluate laboratory experiments and numerical models developed to predict the
hydraulic stability of these systems.
Fragility Analysis of Dunes Reinforced with Geosynthetic Sand Containers
In many coastal communities, encroachment of infrastructure on the natural beach
system constrains natural dune volumes and necessitates construction of structural and
nonstructural mitigation measures for improved coastal resilience. Nature-based solutions,
such as dunes reinforced with geosynthetic sand containers (GSCs), are increasingly being
used to avoid the permanency of hardened structures like seawalls and revetments. Dunes
reinforced with GSCs have the potential to protect communities from smaller storm events
(e.g. 50-year storms) while at the same time providing flexibility in design considering the
uncertainty regarding rates of sea level rise and the increasing destructive power of storm
events. However, there are currently no accepted design standards for these geosystems,
and there is a gap in the knowledge of designers, planners, and decision makers of how to
assess the performance and understand the tradeoffs of reinforced dunes for coastal
protection systems. The objective of this paper is to present a fragility analysis of a
Federally-funded GSC-reinforced dune in Montauk, NY. This dune was constructed in
2016 and experienced significant erosion of the protective berm and sand covering the
GSCs during a 1-year storm event that same year. To perform the fragility analysis, field

observations of erosion/deposition made over a 3-year period were used to calibrate 2-D
and 1-D erosion models using the morphodynamic model XBeach. Damage was quantified
as erosion of the berm, exposure of the GSCs, and movement of the GSCs. Monto Carlo
simulations of erosion at a critical transect were performed using distributions of surge
level and significant wave height for storms with return periods of 1, 2, 5, 10, 20, and 50
years, and the results were binned for each damage state. Movement of the GSCs was
estimated using published relationships between a stability number and the surf similarity
parameter. The resulting fragility curves are consistent with the performance of the
reinforced dune since 2016, including the amounts and frequency of annual replenishment
needed at the site. This approach can be incorporated into various hazard mitigation and
loss prevention tools, and can better inform all stakeholders about the benefits and
drawbacks of adaptive, nature-based coastal protection systems.
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PREFACE
Manuscript format is in use and this work includes four manuscripts with the
overarching theme of developing fragility curves to assess performance and understand the
tradeoffs (e.g. periodic replenishment) of reinforced dunes for coastal protection systems.
The first manuscript is entitled, “Coastal Vulnerability Assessment Methods” and was
a draft for the American Society of Civil Engineers (ASCE) Special Issue on the 2017
Disasters, Natural Hazards Review.
The second manuscript is entitled, “Geosynthetic Reinforced Dunes and Bluffs: No
Longer Just an Emergency Solution for Shoreline Protection and Improving Resiliency?”
and was published in the 2019 Geosynthetics Conference Proceedings (available online;
http://ifai.us/geo/proceedings/2019/pdfs/1190.pdf).
The third manuscript is entitled, “Field Performance of Reinforced Dunes for
Improving Coastal Resilience” and was published in the ASCE Geo-Congress 2019
Proceedings (available online; https://doi.org/10.1061/9780784482155)
The fourth manuscript is entitled, “Fragility Analysis of Dunes Reinforced with
Geosynthetic Sand Containers” and is in preparation for submission to the Journal of
Waterway, Port, Coastal, and Ocean Engineering.
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MANUSCRIPT 1
Coastal Vulnerability Assessment Methods
by
Brian Maggi, Christopher Baxter, Brian Caccioppoli, John King, Bryan Oakley,
Monique LaFrance, Stephen Licht, and Paolo Stegagno

Submitted to the American Society of Civil Engineers (ASCE) Special Issue on the 2017
Disasters, Natural Hazards Review.
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Abstract
Recurring hazards have the potential to continually degrade natural and constructed
coastal protection systems especially if the time between subsequent hazards is shorter than
a natural recovery cycle or an assess-scope-fund-construct recovery project timeline. The
natural recovery process cannot be changed, so the efficiency of assessing hazard impacts
and implementing resilient recovery efforts needs improvement to minimize the
vulnerability of coastal communities. This paper focuses on three methods to conduct post
hazard coastal assessments: Real Time Kinematic-Differential Geographical Positioning
System (RTK-DGPS) surveys, Structure-from-Motion (SfM) photogrammetry surveys
using close-range aerial photography, and boat-based mobile terrestrial laser scanner and
interferometric sonar surveys. Each of the methods have strengths to produce detailed
Digital Elevation Models (DEMs) to document where vulnerabilities exist and limitations
that may reduce accuracies if not properly accounted for. A better understanding of each
survey method will improve the quality of post hazard assessments and reduce the time
associated with recovery projects, which can serve to improve a community’s resilience to
subsequent hazards as highlighted in the Montauk, NY socio-economic case study.
1.1 Introduction
The devastating effects of Hurricanes Harvey, Irma, and Maria in 2017 and Superstorm
Sandy in 2012 highlight the need to improve the resilience of coastal communities. Damage
from hurricanes approximated 250 billion dollars in 2017 alone, and there was a record
number of high-tide flooding events recorded at 27 of the 98 National Oceanic and
Atmospheric (NOAA) tide gauge locations along U.S. coastlines (Sweet et al. 2018). This
recurring flood hazard, will continue to increase with sea level rise and strains natural and
2

constructed coastal defense systems exposing vulnerabilities, leading to more significant
impacts from storm events. Socially and economically this scenario is not sustainable or
resilient, resulting in short (i.e. daily) and long-term (i.e. months to years) interruptions and
relocation of transportation routes, business operations, community operations, and
residences. Depending on the duration, these impacts may create unsafe conditions or
become financial hardships that families, businesses, and communities are unable to
recover from leading to a continued degradation of resilience.
Rapid and efficient assessment of coastal protection systems both on-shore and near
shore will be increasingly necessary for communities to improve resiliency if 2017 is the
new norm for frequency of hazards. Improved social awareness of both short and longterm vulnerabilities coupled with quantification of associated risks to life, limb, and
property will help communities more proactively plan for recurring hazards. Significant
technological advancements in remote sensing and surveying equipment along with the
platforms used to deploy these tools has greatly improved the ability to efficiently gather
massive amounts of detailed data about the state of coastal protection systems making
advanced survey methods more commonplace. The objective of this paper is to discuss the
benefits and limitations of land, air, and sea based advanced survey methods used to assess
natural and reinforced coastal protection systems in New York and Rhode Island. These
methods include the use of a Real Time Kinematic – Differential Global Positioning
System (RTK-DGPS), an Unmanned Aerial Vehicle (UAV) for Structure-from-Motion
(SfM) photogrammetry, and a boat-based Mobile Terrestrial Laser Scanning (MTLS)
combined with interferometric sonar. Several examples of surveys conducted by the
authors are presented.
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1.2 Advanced Surveying Methods
1.2.1 Real Time Kinematic Positioning
Various hardware and software systems are available to monitor coastal processes and
produce intuitive reports where citizens with or without a technical background can
understand the environmental impacts and changes along their coastline. Advancements in
surveying equipment have resulted in more mobility, faster processing, and extremely
accurate systems that make it possible for one person to effectively survey a large section
of coastline in a short period of time. The foundation for most of these systems is
Differential Global Positioning (DGPS) or Global Navigation Satellite Systems (GNSS)
that enable precise and accurate positioning. The Trimble R10 GNSS Real Time Kinematic
(RTK) DGPS utilized in this work, uses simultaneous satellite tracking and the Trimble
VRSTM Network to produce a reported horizontal accuracy of 8 mm (Trimble 2014). RTKDGPS can be used to rapidly survey elevations of selected points, with a reported vertical
accuracy of 15 mm, to produce cross shore profiles and other topographical datasets
(Trimble 2014).
Unlike typical surveying means and methods, where a base station is required to
maintain precision, the RTK device uses a cellular data connection via mobile 4G device
to connect to a subscriber-based network. This network provides real-time corrections to
the device based on the DGPS satellite tracking, and the entire system can be mounted on
a single pole to collect hundreds of data points in a few hours to monitor a coastal site (Fig.
1.1a and 1.1b). The RTK-DGPS may also be mounted to more mobile platforms, including
ATVs, and the software can be set to an automated data collection mode which facilitates
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the collection of thousands of data points in a few hours and the development of a Digital
Elevation Model (DEM) due to the density of data points (Fig. 1.2). The RTK-DGPS may
also be used to mark Ground Control Points (GCPs) to geo-reference datasets and Ground
Truth Points (GTPs) to conduct error analyses of datasets collected using other survey
methods.

(a)
(b)
Figure 1.1: (a) RTK-DGPS antenna mounted on a carbon fiber pole with control unit
attached; (b) Aerial view of cross shore profiles (red lines) collected using the RTK-DPGS
at a GSC reinforced dune project site in Montauk, NY (transect #13 noted with red box).
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(a)

(b)

(c)
Figure 1.2: (a) RTK-DGPS mounted on a State of Rhode Island Coastal Resources
Management Council ATV; operating in continuous topo mode, it collects a data point
approximately every 1 m and can cover a 1 km long section with points (n > 20,000) in
about 3 hours. (b) Example of data points collected in a typical survey. (c) Interpolated
raster surface (using natural neighbor interpolation within ERSI ArcMap surface).
Coastal RTK-DGPS surveys are normally performed to collect cross shore profiles
(Fig. 1.3) at defined time intervals or before and after significant weather events to monitor
a section of shoreline through seasonal and storm generated changes. Depending on the
hydrodynamics and morphology of the site, the time interval may be from days to years.
For example, 260 m of geo-tubes were installed in Nantucket, Massachusetts to stabilize
an eroding coastal bluff to protect a roadway and historic homes. The project owner collects
quarterly and post storm cross section profiles to monitor site conditions, better understand
the potential impacts the geo-tubes may have on the morphology of the site, and identify
needed maintenance when erosion exceeds predetermined thresholds.
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Figure 1.3: Cross shore profiles for transect #13 (Fig. 1.1b) in Montauk, NY.
Spatial location repeatability is also critical for accurate cross shore profiles, so the
establishment of benchmarks for each profile is important; at some sites it may be as simple
as using the corner of a structure and at more remote sites stakes may be driven to establish
benchmarks for profiles. These benchmarks and other fixed structures at a site provide
opportunities for error analysis. The precision of positions at a site may vary for RTKDGPS equipment (James et al. 2017) and exceed the accuracy reported by Trimble for their
equipment; 11 surveys of a shoreline stabilization project in Montauk, New York produced
an average horizontal precision within 3 cm and vertical precision within 5 cm. For
shoreline analyses, this slight compromise in accuracy is acceptable considering immediate
settlement caused by equipment loads or general activity at a site may change a point
elevation well beyond 5 cm.
1.2.2 Structure-from-Motion Photogrammetry
Aerial imagery has been rapidly adopted for a wide range of geoscience applications,
after results were found (most notably by Westoby 2012) to be comparable to laser
scanning techniques. Structure-from-Motion (SfM) photogrammetry using a quad rotor
7

style Unmanned Aerial Vehicle (UAV) (Fig. 1.4a) is now commonplace across a range of
scientific disciplines (Tonkin and Midgley 2016) since it provides a cost-effective and
easily deployable means to acquire high-accuracy datasets. Acquired topographic datasets
have been used to map structural geology and paleoseismology (Bemis et al. 2014),
landslide displacements (Lucieer et al. 2014a), capture Antarctic moss beds (Lucieer et al.
2014b), and monitor shoreline morphology. Recent examples of beach morphometric
surveys using UAVs include James et al. (2013), Gonçalves and Henriques (2015), and
Brunier et al. (2016).
The quad rotor style UAV used for the data collected in this study is a 3DR Iris+. The
Iris+ has a total weight of 1.2 kg, maximum flight time of 16 – 22 minutes without any
payload, and the maximum payload is 425 g. Equipped with a Pixhawk PX4 flight control
unit which includes accelerometers, gyroscopes, magnetometer, barometers, and
temperature, the Iris+ can estimate local (with respect to the starting point) positioning,
velocity and attitude. A GPS sensor can then be used to estimate global positioning. Since
the Iris+ is only a platform and does not include cameras, MAPIR Survey 2, 16 MP 4608
x 3456 cameras were mounted for this study. With this setup a typical 15-minute mission
at 5 m altitude and 1 m/s horizontal velocity can provide 70% image overlap with 6
pixel/cm resolution while covering approximately 4,000 m2. Best practice for larger areas,
is to perform multiple flights with a single UAV which lands for battery replacement in
between flights. The other option is to operate at greater altitudes which increases the
coverage area but reduces the resolution. Mission planning and visualization (Fig. 1.4b) is
performed with open source software tools (ArduPilot Mission Planner and Google Earth).
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Flight altitude along with proper selection and placement of GCPs in the study area is
important for reducing image processing time and ensuring final product accuracy
(Lundine 2016). Depending on UAV and camera capabilities, flight altitudes up to 120 m
can be achieved but lower altitudes produce higher accuracies (Lundine 2016). GCPs can
be fixed points of interest (e.g. corners of buildings) or temporary targets that are surveyed
separately with RTK-DGPS or other methods. The number and spacing of GCPs is
dependent upon the flight altitude. A detailed analysis on GCP distributions conducted by
Tonkin and Midgley (2016) suggests that GCPs should be spaced less than 100 m apart, at
varying elevations, and should extend beyond the area of interest to improve the accuracy
at the survey edges. Figures 1.4(c) and 1.4(d) show the locations of 15 temporary GCPs
(i.e. 1 m square, non-reflective polyethylene sheet with a black and white cross pattern)
used to geo-reference a photogrammetry survey at Matunuck Beach, RI, along with an
image of a GCP captured during the flight.

9

(a)

(b)

(c)
(d)
Figure 1.4: (a) Pre-flight setup of a 3DRobotics IRIS+ quadrotor UAV. (b) Typical output
of mission planning and visualization tools. (c) Arrangement of GCPs to provide full
coverage of beach and altitude changes; sample black and white GCP inset and red box
notes extent of next figure. (d) Absolute positioning achieved through alignment to GCPs,
#08 from Fig. (c) captured in this image.
Surveys are ideally performed within one hour of low-tide and the collected imagery is
processed using a commercially available SfM photogrammetry software (AgiSoft
Photoscan v1.2.5). Errant images (i.e. takeoff, landing, or water) are discarded prior to
image processing. Photoscan then uses a series of image processing algorithms to
automatically detect and align a sparse set of features across different images to generate
estimates of the camera position and orientation for each image. The sparse cloud is then
expanded into a dense 3-D point cloud with color/texture mapping using the estimated
camera positions. Photoscan automatically detects the GCPs and the spatial location of
each target measured using the RTK-DGPS to provide the georeferencing. The dense point
cloud provides the vertices of the textured 3-D model which is readily converted into a
10

georeferenced DEM with minimal additional processing. GTPs are not used to adjust the
model geo-referenced positioning, instead, their positions and elevations are located in the
final DEM to validate system accuracy.
Two SfM photogrammetry surveys were performed in Montauk, NY following the
procedure described above to document the performance of a dune reinforced with
Geosynthetic Sand Containers (GSC) to protect the downtown business community. The 1
km project site was divided into at least four UAV flights for each of the surveys (Fig.
1.5a), with the size of each subdivision depending on the wind conditions and expected
UAV battery life. GCPs were then placed and surveyed for the flights using the RTKDGPS. Coincident with the SfM photogrammetry data collection, field conditions were
documented using ground level photographs, (Fig. 1.5b) and the cross shore profiles were
collected along the transects shown in Fig. 1b. The processed data was then used to develop
DEM change maps (Fig. 1.5c) and conduct error analyses. A detailed error analysis was
conducted for the second SfM photogrammetry survey conducted on September 8th, 2017.
The mean difference between the photogrammetry data and the GTPs was 4 cm while the
Root Mean Square Error (RMSE) was 10 cm in the main body of the survey. The RMSE
of the GTPs along the edges of the survey area increased to 15 cm and the causes of this
increased error will be discussed in the comparison section below.
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(a)

(b)

(c)
Figure 1.5: (a) Montauk, NY area of interest and division into four flights, (b) field
conditions in front of the Royal Atlantic hotel in March 2017, and (c) DEM change analysis
from May 2014 to March 2017, note the location of the reinforced dune is highlighted by
the blue shading.
1.2.3 Boat-mounted Mobile Terrestrial Laser Scanner/Interferometric Sonar
Boat-based mobile terrestrial laser scanner (MTLS) and interferometric sonar surveys
provide another highly accurate method to collect dense shoreline and bathymetric
datasets. MTLS is an emerging technology where a terrestrial laser scanner is mounted on
a mobile platform along with an inertial measurement unit (IMU) and GNSS receivers.
Numerous studies have shown the usefulness of terrestrial laser scanning to assess
topographic change on coastal bluffs (Young et al. (2010), Day et al. (2013)) and hard rock
cliffs (Vann Jones et al. 2015). More recently, the effectiveness of MTLS in quantifying
12

erosion has been evaluated on a variety of moving platforms including boats (Kaminsky et
al. 2014) and automobiles (Brenner et al. 2016). Similar to SfM photogrammetry, boatbased MTLS alleviates the need to access unstable or restricted sections of the shoreline,
plus it provides the ability to collect coinciding high-resolution bathymetry and side-scan
data. This combined topo-bathymetry can capture offshore sediment transport and timedependent features (e.g. sandbars) to provide a more complete picture of sediment transport
for coastal monitoring programs (Fig. 1.6).

Figure 1.6: 3-D point cloud showing topography and coastal features (e.g. mooring
dolphins, dock edge, trees, and brush) obtained from the MTLS and bathymetry from the
sonar. Note how the shallow gradient creates a data gap between the two datasets.
(Caccioppoli et al. 2017).
The laser scanner used for the data collected in this study is an Optech ILRIS HD-ER
with motion compensation. The Optech ILRIS operates at a 10 kHz repetition rate with a
1,535 nm laser wavelength. The reported accuracy for this system is 4 mm at a 100 m
range, with 1.3 cm point spacing at 1,000 m (Optech, 2012). The primary system used for
navigation is the IMU, an Applanix POS MV with GNSS receivers. The Trimble RTKDGPS is used as an auxiliary navigation receiver. Boat selection depends on the site
location, sea conditions, and water depths. The University of Rhode Island (URI) uses two
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boats for MTLS surveys: R/V Shanna Rose, a 12.8 m Wesmac custom downeast style boat
adapted for geophysical research operations, and a 8.5 m custom fabricated pontoon boat
(Fig. 1.7). The long range and seakeeping capabilities of the Shanna Rose make it an ideal
vessel for MTLS surveys where deeper waters abut the coastline and exposure to increased
sea conditions may be a concern. The pontoon boat is ideal for inland, shallow waters and
may sometimes be used for exposed coastal waters if the site is close to a boat launch and
the weather conditions are favorable.

(a)
(b)
Figure 1.7: (a) R/V Shanna Rose equipped with MTLS (red circle) and navigation systems,
(b) 28 ft Pontoon boat equipped with MTLS (red circle) and navigation systems
(Caccioppoli et al. 2017).
Study areas in Rhode Island with a variety of coastal bluffs were selected to assess the
capabilities of the boat-based MTLS system and develop bluff erosion monitoring
protocols. Prior to these boat-based studies, an extensive calibration of the laser scanner
and navigation system was completed to ensure the acquisition of accurate and precise 3D point cloud datasets. Calibration is completed in three phases: (1) Site selection and
survey of control points; (2) Stationary terrestrial laser scan of the site; and (3)
Identification and match of control points to laser scanned points. Through multiple
iterations of this calibration process, a standardized mounting frame for the MTLS and
navigation equipment was developed, however there was still a >0.1° uncertainty in the
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laser siting parameters. Similar to the SfM photogrammetry survey protocols, GCPs should
be used for each boat-based survey to adjust the laser parameters to improve the accuracy
of the acquired data. GCPs for the MTLS, are features that are easily identifiable within 3D point clouds and have known positions and elevations typically obtained with the RTKDGPS (Figs. 1.8a and 1.8b). Topographic and anthropogenic features at a site can be
supplemented with 61 cm by 61 cm plywood targets to provide additional GCPs (Fig. 1.8c).
These targets contrast well from the surrounding environment. The sharp corners are
identifiable in the 3-D point clouds and the RTK-DGPS data for the corners can be used to
calibrate the laser scanner (Fig. 1.8d).

(a)

(b)

(c)

(d)
Figure 1.8: (a) Concrete pile GCP marked using the RTK-DGPS at Crescent Beach, RI, (b)
Deck corner GCP marked using the RTK-DGPS at Crescent Beach, RI, (c) Temporary
GCP (e.g. plywood target) at Bold Point Park, RI, and (d) MTLS 3-D point cloud (yellow
points) comparison with the RTK-DGPS GCPs (white points) collected for the plywood
GCP at Bold Point Park, RI (Caccioppoli et al. 2017).
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The MTLS survey of Block Island (Rhode Island) coastlines in August 2017 provided
an excellent opportunity and challenge to analyze the survey protocols. This survey was
logistically demanding due to distance from homeport, wave exposure, and poor cellular
network connectivity. The R/V Shanna Rose served as the mobile platform and a shorebased team was deployed to install plywood targets and survey GCPs. After acquisition,
the data was post-processed to merge the laser scan data with the navigation data (e.g. boat
heading, speed, and position) from the POS MV and RTK-DGPS to place the dataset into
geographic space so each point has a discrete position, elevation, and intensity. This
geographically referenced point cloud was converted into a DEM (Fig. 1.9) and various
other analysis tools including change maps were applied to compare the DEM to data
collected using an Aerial Laser Scanner (ALS) (Fig. 1.10). The accuracy of the dataset
produced using the MTLS protocol was consistent with the accuracy of the RTK-DGPS
since the dataset can be realigned using the GCPs surveyed ashore with the RTK.
Typically, the average difference between all of the field surveyed GCPs and the respective
data points in the MTLS dataset are calculated then used for realignment. Where the
assessed accuracy is deemed to be poor (>10 cm), slight adjustments in the laser scanner
file can be made to correct the MTLS geometry relative to the boat and navigation sensors.
For example, when GCP elevations are systematically high and the distances to the GCPs
are known, a simple trigonometric calculation will provide a correction angle that can be
applied to the scanner misalignment in the system parameter file.
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Figure 1.9: DEM of bluffs at Clay Head, Block Island, looking south. Data was collected
using the MTLS mounted on the R/V Shanna Rose. Processed data is gridded at a 0.25 m
cell size (Caccioppoli et al. 2017).

Figure 1.10: Change analysis between 2011 ALS and 2017 MTLS along the Clay Head
bluffs. Negative values indicate erosion, whereas positive values indicate accretion. Note
the recession of the bluff and slight accretion limited to the beach face. The red box notes
the approximate location of the DEM section shown in Fig. 8 (Caccioppoli et al. 2017).
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1.3 Comparison of Different Methods for Coastal Monitoring
Each of the advanced surveying methods have advantages and disadvantages. The
common denominator in all methods described is the RTK-GPS. The advantages of RTKGPS are obvious; it is a versatile system that may be used to support simple shoreline
change analyses, as well as providing spatial location and a tool to control the accuracy of
more advanced survey methods. The drawbacks of the RTK-DPGS are the ability to
efficiently collect a dense dataset of points and the equipment costs. While there are
methods to place the RTK-DGPS on mobile platforms (e.g. ATVs) to improve the
efficiency of a survey, these applications are limited and SfM photogrammetry or boatbased MTLS are preferred alternatives for spatially dense data acquisition. The initial cost
for a reliable, industry standard RTK-DGPS system is at least $20,000, with additional
monthly operating costs for the cellular network provider and the equipment virtual base
station correction service (e.g. Trimble VRSTM Network). Despite its versatility, this makes
an RTK-DGPS an expensive piece of equipment to own unless regular usage justifies
monthly fees. A viable solution is a mutually beneficial equipment share program. For
example, URI shares an RTK-DGPS with the State of Rhode Island Coastal Resources
Management Council’s (CRMC) for all survey methods mentioned above and then shares
field observations to improve CRMC’s coastal management program.
Keeping a focus on the equipment costs and including data processing time for the
other advanced survey methods, the equipment cost benefits of SfM photogrammetry are
met by the data processing efficiency of MTLS surveys. Recent technological
advancements in camera and UAV equipment has brought down the total system cost for
the SfM photogrammetry field equipment to less than $1,500. The field equipment costs
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associated with boat-based MTLS are significantly higher and more difficult to quantify
due to the costs associated with different boats (e.g. operating costs and customization
required to accommodate MTLS/sonar equipment), laser scanning equipment, and IMU
equipment. Since the SfM photogrammetry method adds the additional step of processing
thousands of images to develop the 3-D point dataset, post-processing times associated
with SfM photogrammetry are greater than MTLS. This was the case for a comparison
survey conducted at the GSC reinforced dune project site in Montauk, NY. Post-processing
of a September 8th, 2017 SfM photogrammetry survey took approximately 2 weeks and an
MTLS survey of the same site on October 3rd, 2017 took approximately 1 week. While
computer issues (e.g. slow processor speeds and forced updates) and a relatively new SfM
protocol compared to the more established MTLS protocol contributed to this time
difference, it is clear the additional image processing step of SfM photogrammetry extends
post-processing time.
Since equipment and operating costs along with data post-processing times don’t
provide a direct means for comparing advanced survey methods, a discussion of the
limitations associated with each method is a better resource and is summarized in Table
1.1. When identifying a suitable survey method for a specific project, each of these
limitations should be considered. There are some shared challenges associated with both
SfM photogrammetry and boat-based MTLS surveys. Each method requires relatively
calm weather conditions to achieve optimal data quality, whether its light winds for the
UAVs (<25 km/hr) (Gonçalves and Henriques 2015) or calmer seas for the boats. GCPs
are also required for each method to ensure the accuracy of the datasets. The placement
and surveying of GCPs for SfM photogrammetry can be done by the same team operating
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the UAV. A second team is required to identify or temporarily construct and survey GCPs
for boat-based MTLS.
Table 1.1: Comparison of Advanced Survey Methods
Methods

Cost of
Equipment

Estimated
Shoreline Coverage
(km/day)

Post
Processing
Level

Precision &
Accuracy

RTK-DGPS

Moderate
($20-$50k)

<1

Low

High

SfM
Photogrammetry

Low
(<$20k)

≈1

High

Med-High

Boat-based
MTLS

High
(>$50k)

> 10

Medium

High

Additional limitations for SfM photogrammetry, include battery life, antenna range,
personnel activity at a site, flight coordination, smoothing of significant topographic slope
changes, and increased vertical error along the edges of a survey. Battery life is a function
of the payload (e.g. cameras) and weather conditions. Heavier payloads and increased wind
requires the UAV to consume more energy to stay level at a specific altitude. Antenna
range limits the area of a survey site. While a UAV operator may walk with the UAV to
maintain the control link, the operator must ensure they remain out of the camera’s line of
sight so an image is not distorted. Personnel activity at a site may limit UAV operations
for a number of reasons including safety concerns with the UAV being overhead, privacy
concerns with the images being collected, and the distortion personnel movements create
in the dataset. Depending on the proximity of the project site to an airport (< 8 km), the
FAA Modernization and Reauthorization Act of 2012 requires UAV operators to contact
the airport management and air traffic control tower prior to a flight to prevent unsafe UAV
operations and ensure manned aircrafts have a greater awareness of UAV operations. With
proper planning, each of these limitations can be mitigated.
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The two most significant limitations of SfM photogrammetry that are more difficult to
mitigate are the smoothing of a slope change (Kaminsky et al. 2014) and the increased
error of elevations along the edge of a survey. Analysis of the Montauk, NY surveys
showed that in some locations near the toe or crest of a dune or bluff, the combination of
the overhead camera angle, significant change in topographic slope, and presence of
interferences (e.g. sand fencing and vegetation) results in a leveled transition between
slopes which may impact a detailed morphology analysis. The presence of interferences
seemed to be the main cause of the smoothed transition between slopes and advanced postprocessing may be done to remove errant data points produced during the image processing
phase, but it is tedious and time consuming. The increased error of elevations at the survey
limits is a combination of two issues: a lack of GCPs beyond the survey limits and wave
run-up during a survey. Additional GCPs cannot be placed in the water and the wave runup cannot be controlled so the accuracy of the seaward edge of the survey will always be
reduced. On the other three edges of the survey, at least one or two rows of GCPs should
be placed and surveyed beyond the survey limits to ensure improved georeferencing
accuracy of the 3-D point cloud.
Boat-based MTLS has several limitations that impact the quality of DEMs including
the presence of dense vegetation, topography that shields the laser scanner’s line of sight,
shallow nearshore water depths, the presence of boulders or marine debris that create
navigational challenges, and image documentation of field conditions. The first two factors
are not mutually exclusive; dense vegetation blocks and reflects back the entire laser beam,
shadowing topographic features behind the vegetation with respect to the laser scanner.
This can obscure the topography entirely, especial on densely vegetated bluffs and
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shorelines. Vegetation can be detected automatically through point cloud processing
algorithms; however, they typically do not perform as expected requiring manual
identification and processing of vegetation. This can be extremely time consuming and
difficult. Additional line of sight issues are localized topographic high points (e.g. berm
crest on a beach or a structure) close to the laser scanner which shadow a topographic low.
Since boat-based MTLS can only be employed where the water depths are navigable, the
laser scan resolution may be reduced to ensure the safe navigation of the boat. Fortunately,
the long scanning range of modern laser scanners makes this less of an issue but planning
must balance the tides with the survey goals (e.g. high tide may ensure safe navigation but
the water level may cover prominent features). Water depths also limits the number of
locations where seamless topo-bathymetry datasets can be acquired. A shallow bathymetry
will result in a gap in the dataset as shown in Fig. 5. Image documentation of field
conditions including erosion leading to the exposure of utilities or an unsafe structure
foundation will not be picked up by boat-based MTLS. This issue may be mitigated by the
shoreside GCP survey team and should be effectively coordinated especially if a survey is
done as a post-storm assessment of a developed shoreline.
1.4 Socio-economic Service – Montauk Case Study
In Montauk, NY 60% of the businesses support the tourist economy and the
accommodation industry has the highest number of businesses that also occupy the most
land (Dodson and Flinker 2018). The largest accommodation facilities are in Downtown
Montauk Beach and a Stabilization Project, completed in March 2016 by the U.S. Army
Corps of Engineers – New York District, protects them. Significant erosion rates and an
average landward migration of 91 cm/yr combined with the devastating effects of
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Hurricane Sandy in October 2012 left these Downtown Montauk Beach facilities extremely
vulnerable (USACE-NAN 2014). The Stabilization Project was designed to have a 15-year
project life and not limit the implementation of long-term resilient solutions for the region.
The data acquisition methods described above have all been used to assess the performance
of the Stabilization Project from September 2016 through December 2018. It has served
the community of Montauk well by supporting the Town’s renourishment projects and
keeping the community informed on the effects of acute and chronic erosion. Based on
community observations supplemented by the acquired data, it has become clear that more
extensive planning to develop resilient strategies is necessary. Public workshops,
charrettes, and planning processes have been ongoing since September 2016 and one of the
many publicly supported guiding principles for future development is the application of a
multi-faceted approach to resilience that includes managed retreat and relocation of the
Downtown Montauk Beach facilities currently protected by the Stabilization Project
(Dodson and Flinker 2018).
1.5 Conclusions
Significant technological advancements are making it possible to efficiently and
accurately capture short and long-term effects on the resiliency of coastal protection
systems, which is particularly important as the increasing frequency of natural hazards
warrants more robust monitoring of the changes to these systems. Understanding the
strengths and limitations of advanced survey methods makes it possible for coastal
managers to select the best method based on shoreline characteristics, vulnerabilities, and
budget. The RTK-DGPS is a fundamental component of advanced survey methods
necessary to spatially locate and ensure the accuracy of coastal surveys. SfM
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photogrammetry and boat-based MTLS can be used to generate accurate, data dense point
clouds and DEMs to monitor natural and constructed coastal protection systems. Limited
financial and personnel resource requirements make SfM photogrammetry an ideal
technology for surveying sections of coastlines with more gradual topographic features
(e.g. beach and foredune). Typically, a 1 km section can be surveyed using SfM per day
around low tide but the data processing time is long compared to the RTK and MTLS. The
expanded capabilities of boat-based MTLS and interferometric surveys make it an ideal
technology for surveying 10s of km of coastal bluffs and alongshore sediment transport
processes per day. Since boat-based MTLS is expensive, shorelines with deep water in
close proximity maximize the capabilities and efficiencies of this survey method. The use
of these technologies is currently aiding decision makers in the coastal community of
Montauk, NY with a complex planning process to ensure economies dependent on the
coastal tourism industry remain viable for future generations.
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Abstract
“Soft” coastal protection systems, such as Geotextile Sand Containers (GSCs) and
Geo-tubes, have been used in emergency or temporary applications for decades to stabilize
erosion hot spots and protect homes from extreme storm events. These systems have the
potential to protect coastlines, particularly when buried as a core of a dune from larger
storm events (e.g. 25 or 50-year storms) while providing flexibility to account for
uncertainty in rates of sea level rise and storm frequency. The objective of this paper is to
present results of an on-going field study to assess the performance of GSC reinforced
dunes in Montauk, NY. Performance of a geo-tube reinforced bluff in Nantucket, MA is
also discussed. While laboratory experiments and numerical models have been developed
to predict the hydraulic stability of coastal revetments made of GSCs, there is limited
performance data of these systems, especially when they are used to reinforce the core of
a natural dune system.
2.1 Introduction
The devastating effects of recent hurricanes and nor’easters highlight the need to
improve the resilience of coastal communities. There is a trend towards implementing
"soft" engineering solutions such as dunes reinforced with Geotextile Sand Containers
(GSC) or coastal bluffs stabilized with geo-tubes to improve resiliency rather than
traditional hardened structures like stone revetments. These have the potential to protect
communities from some storm events (e.g. 25 or 50-year storms) while at the same time
providing flexibility in design considering the uncertainty regarding rates of sea level rise
and storm frequency. However, there are currently no accepted design standards for these
geosystems and general permit requirements vary state to state. While numerous lab
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experiments and numerical models have been developed to predict the hydraulic stability
of coastal revetments made of GSCs and geo-tubes, there has been limited in situ validation
of GSC systems, especially when they are used to reinforce a natural system (Dassanayake
and Oumeraci, 2012).
The construction of a GSC-reinforced dune in Montauk, NY in 2016 and a coastal bluff
stabilized with geo-tubes in Nantucket, MA in 2014 present excellent opportunities to
assess the resilience, stability, and impact of storms on these systems along with the
maintenance requirements necessary to ensure longevity of the geotextiles and minimize
the container impacts on adjacent natural environments. The Montauk monitoring program
being conducted by the authors includes the use of interferometric sonar for nearshore
bathymetry, Real-Time Kinematic (RTK) DGPS, ship-mounted LiDAR, and unmanned
aerial vehicles (UAV) with “Structure from Motion” (SfM) photogrammetry to develop
cross-shore profiles and digital elevation models (DEMs) before and after storm events for
the site. The Nantucket monitoring program is run by the Siasconset Beach Preservation
Fund

(SBPF)

and

project

updates

are

regularly

posted

on

their

website,

www.sconsetbeach.org. Observations from the Montauk site are being used to calibrate
erosion modelling of a reinforced dune/beach cross section using the wave propagation and
sediment transport model XBeach and to validate the performance and stability of the
GSCs. The Nantucket site provides additional background when assessing the level of
monitoring and maintenance required for a reinforced natural system in a State where
coastal protection systems are heavily regulated.
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2.2 Background
In many locations throughout the world, GSCs and geo-tubes have proven to be
effective stabilization solutions for temporary reinforcement and protection of vulnerable
sections of coastlines in higher wave energy environments. Here in the U.S., most GSC or
geotube applications have been in emergency or temporary applications where the level of
design, monitoring, and maintenance seems to have a direct correlation to the in-situ
performance of these systems (Fig. 2.1). A history of temporary erosion control structures
presentation provided by Mike Lopazanski of the North Carolina (NC) Department of
Environmental Quality summarizes the extensive use of GSCs in NC since 1994 to protect
imminently threatened structures (Lopazanski 2016). Throughout the timeline presented
by Lopazanski, the NC Coastal Resources Commission (CRC) made multiple revisions to
GSC permit requirements and even explored the use of degradable materials. As of the
2015 legislation, key regulations include the following: permits are valid for eight years
for all GSC structures, upon completion of a beach nourishment project exposed GSCs
above grade must be removed, and upon expiration of the eight-year permit GSCs exposed
above grade must be removed (Lopazanski 2016). This summary is an example of the
numerous revisions made to the GSC permit requirements in North Carolina over the past
20+ years and it illustrates the evolution of regulations as the assessed performance of these
systems continues to evolve. The current conditions of the permits also support the
effectiveness of GSCs to protect imminently threatened structures and that they can be
incorporated into beach nourishment projects without possibly degrading the performance
of the placed sand.
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Figure 2.1: Various conditions of previously permitted GSC applications along the North
Carolina coast in Summer 2008 (Lopazanski 2016).
Detailed field monitoring programs are ongoing at two sites in Montauk, New York
and Nantucket, Massachusetts where a GSC-reinforced dune and a geo-tube reinforced
coastal bluff have been constructed. In New York, the U.S. Army Corps of Engineers has
been working with State and Long Island coastal communities since the 1960s to study the
coastal processes along the southern shore of Long Island as part of the Fire Island to
Montauk Point (FIMP) Study. Due to the severe erosion resulting from Hurricane Sandy
in 2012 in the Downtown Montauk beach area, one of the recommendations from the
reformulation study following the hurricane was to implement a one-time, stand-alone
stabilization project with an estimated 15-yr project life to protect the extremely vulnerable
shorefront commercial buildings while a long-term plan was developed (USACE-NAN
2014). Waves are the dominant forcing mechanism for most coastal processes in the
Downtown Montauk area and offshore significant wave heights during extreme storm
events may exceed 5.5 m (USACE-NAN 2014). The alternatives considered for the
stabilization project included (1) beach restoration, (2) beach restoration and a buried
seawall, (3) a feeder beach, (4) dune reinforcement, and (5) dune reinforcement and a
feeder beach. Since alternatives 1, 2, 3, and 5 assumed a periodic nourishment would be
required every 4 years, this increased the annualized cost estimates for these alternatives
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and violated the stipulation that this project be a one-time, stand-alone project in advance
of whatever long-term FIMP solution that may be implemented (USACE-NAN 2014). As
a result, a GSC reinforced dune was considered the only viable alternative.
This was the first federally-funded GSC reinforced dune in the U.S. (Fig. 2.2), and
there were numerous protests and concerns voiced by a variety groups and individuals. The
primary concern was whether the GSC revetment, if exposed, would act as a seawall,
narrowing the beach until it disappeared (Young 2017). The Stabilization Project site is
over 1 km and consisted of over 11,000 GSCs to reinforce the dunes, which were then
reconstructed along with placement of a protective berm. The height and configuration of
the GSCs were designed to conform to the existing dune height, tie into the existing
undisturbed dunes to mitigate the transfer of erosion to adjacent areas, and are estimated to
be stable up to a 50-year storm event. The initial cost of the project was approximately
$7M and the final cost was close to $10M due to change orders caused by severe winter
storms which eroded project sand and resulted in project delays. Construction was
completed in March 2016 and a post-construction site visit was conducted to compare the
reconstructed site to the conditions following Hurricane Sandy (Fig. 2.3).

Figure 2.2: Reinforced dune cross section used for the Downtown Montauk Stabilization
Project (USACE-NAN 2014).

32

(a)
(b)
Figure 2.3: Photographs of Downtown Montauk Beach adjacent to Royal Atlantic Hotel
following (a) Hurricane Sandy (Newsday, October 2012); (b) Completion of the Dune
Stabilization & Beach Nourishment Project (July 2016).
On the east coast of Nantucket, MA the Siasconset Beach community has experienced
significant erosion of coastal bluffs leaving historic homes, the Sankaty Head lighthouse,
and local roads extremely vulnerable. Surveys of the site began in 1994 prior to the
installation of an upgrade to an existing dewatering system designed to redirect water flow
and reduce erosion rates (Buck and Hamilton 2017). Since that time over 70 surveys have
been completed to monitor the impact of the dewatering system upgrade (completed in
December 2001) and subsequent mitigation measures. In 2013-2014, 260 m of geo-tubes
(Fig. 2.4) were installed to replace the dewatering system and reduce erosion. This effort
was coordinated and funded by SBPF. Due to expressed concerns from the Nantucket
Conservation Commission and general public about the transfer of erosion to the flanking
areas and steepening of the beach profile in front of the geo-tubes, a rigorous monitoring
and maintenance program was established with clear failure criteria. Additionally, funds
have been escrowed to remove the geo-tubes and restore the site if the tubes were found to
be ineffective or destructive to the adjacent natural environment.
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Figure 2.4: Geo-tube installation in Nantucket, MA in 2014 (SBPF 2018).
2.3 Field Monitoring & Performance
Various offshore Tropical Storms and nor’easters have impacted the Montauk and
Nantucket areas resulting in erosion and exposure of the GSCs and geo-tubes. The
Montauk site has been monitored since Tropical Storm Hermine (September 2016) as part
of a grant from the National Science Foundation’s RAPID program for collecting
perishable data (CMMI #1719671). Numerous post-storm surveys of the beach and dune
system have been conducted and various cross-shore profiles and DEM change analyses
have been developed. Examples of post-storm photos from a January 2017 nor’easter and
collection of cross shore profiles for the most critical section of the project site are shown
in Figure 2.5. The January 2017 storm has been the most severe storm to impact the site
when considering peak wave characteristics and water levels. While the severity of various
storms has not had a direct correlation to observed erosion due to various factors including
mean wave direction during storm events, the January 2017 storm along with Tropical
Storm Hermine and the March 2018 nor’easter have provided notable datasets to support
additional erosion modeling research.
Surveys were performed using Real-Time Kinematic GPS, Structure-from-Motion
photogrammetry using an unmanned aerial vehicle, and boat-mounted Lidar and
interferometric sonar (Maggi et al. 2018). Peak wave characteristics and water levels were
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collected from NOAA’s Data Buoy Station #44017 23 NM SSW of Montauk Point, NY
and Tide Station #8510560 in Montauk, NY. Each storm produced different levels of
erosion and deposition at the site depending on the conditions. During calm periods
between weather events, the beach profile recovers with the natural accretion of sand
covering exposed GSCs. Since the severity of observed storms impacting the Downtown
Montauk beach project site has not exceeded an estimated 5-year return period, the
combined waves and surge from storm events has not produced a condition where waves
are directly impacting the GSC revetment as modeled in wave tank experiments described
previously (e.g. Dassanayake and Oumeraci 2012).
However, based on the regular monitoring of the Downtown Montauk project site and
survey data provided through this research, the Town recently completed a renourishment
project in May 2018 with a total cost of $986k to restore the beach for the 2018 summer
season (Wright 2018). This has far exceeded initial estimates of annual maintenance for
the project, and in 2017, Montauk Tide Station #8510560 set a new record for the number
of high tide flood days per year and forecasts suggest 2018 may be worse (Sweet et al.
2018). If that is the case, it is likely periodic replenishment will continue to be needed in
the future to maintain a beach profile suitable for tourism and as required by the U.S. Army
Corps of Engineers operations and maintenance agreement with the Town of East
Hampton, NY to keep the GSCs covered.
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Figure 2.5: (a) January 2017 nor’easter showing displacement of a single GSC (First
Coastal Corp., January 2017); (b) January 2017 nor’easter showing movement of several
GSCs towards the ocean (note the dashed line for reference) (First Coastal Corp., January
2017); (c) Cross shore profiles for the most critical erosion area at the Downtown Montauk
beach project site. For reference, the NAVD88 vertical datum is 0.1 m above Mean Sea
Level (MSL) for this location.
In Nantucket, annual bluff monitoring, quarterly shoreline monitoring, annual beach
invertebrate monitoring, and semi-annual underwater video monitoring has shown that the
geo-tubes have performed very well with minimal negative impacts on the surrounding
natural environment (Fig. 2.6, Harnett 2017). During the series of nor’easters that struck in
March 2018, the geo-tubes were able to keep the toe of the bluff stabilized while other
sections of the bluff without the geotubes experienced erosion. While the geo-tubes may
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result in the loss of sand seaward of the tubes during significant weather events, SBPF’s
proactive maintenance program restores the project site to acceptable thresholds during
recovery. The success of this project, particularly in terms of its well-documented
performance and maintenance has led to a follow up proposal, approved by the Nantucket
Select Board and currently under review by the Nantucket Conservation Commission, to
extend the geo-tubes an additional 900 m to reinforce additional sections of the vulnerable
bluff (Sutters 2018).

(a)
(b)
Figure 2.6: (a) Shoreline monitoring at 46 transects along Siasconset Beach project area;
(b) Underwater monitoring to ensure cobble/bolder natural habitat is not being covered by
the mitigation sand (Harnett 2017).
2.4 Conclusion
Geosynthetic Sand Containers and Geo-tubes have been used for decades in
emergency or temporary applications to protect homes from storms and coastal erosion.
More recently, however, there is an appreciation that these systems, particularly when
covered or used as the core of a dune, may provide protection for longer periods (e.g 15 to
25 years). The objective of this paper is to provide details of two on-going field projects in
Montauk, NY and Nantucket, MA. In Montauk, field monitoring is being used to inform
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town managers about annual beach replenishment requirements and performance of the
GSC core during exposure. In Nantucket, demonstrated performance in protecting a portion
of a coastal bluff has led to an application to extend the geo-tubes an additional 900 m to
reinforce additional sections of bluff. Collection of such performance data helps to evaluate
published design approaches, develop tools for predicting performance, and better inform
coastal managers assessing coastal protection alternatives to make their coastlines more
resilient.
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ABSTRACT
Increased coastal erosion rates have forced communities to rethink how to manage
vulnerable coastlines. In many locations there is a trend towards implementing temporary
engineering solutions, such as Geotextile Sand Containers (GSCs) and geo-tubes, to
stabilize erosion hot spots and assess the impact of these designs while long-term solutions
are developed. GSCs and geo-tubes have the potential to increase the resilience of natural
systems to protect coastlines from smaller storm events (e.g. 25-year storms) while
providing flexibility in design considering the uncertainty regarding future rates of sea
level rise and storm frequency. The objective of this paper is to summarize the performance
of geotextile stabilized coastal sites and present results of on-going field studies to assess
the performance of GSC reinforced dunes in Montauk, NY. The better-than-expected,
resilient performance of GSCs and geo-tubes at most locations and recent reinforcement of
dunes, bluffs, and shorelines in New York, Massachusetts, and Hawaii emphasizes the need
for continued field research and in situ monitoring to collect high-quality performance data
to better evaluate laboratory experiments and numerical models developed to predict the
hydraulic stability of these systems.
3.1 Background
Coastal protection systems play a critical role in a community’s ability to absorb the
impacts of extreme weather events. Hurricanes Harvey, Irma and Maria along with a series
of nor’easters that impacted the North Atlantic region in March 2018 illustrate the
vulnerability of coastal communities and the need to consider alternative solutions to
improve resiliency. Traditionally, coastal protection has been perceived as having to be a
“hard” (i.e. permanent) structure such as stone revetments, sea walls, groins, jetties, and
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breakwaters. These structures are very costly and are not very adaptable to climactic
changes such as sea level rise. Moreover, they lead to increased wave reflection rather than
dissipation, resulting in higher energy environments likely increasing erosion of shallow
water habitats. This has motivated several states to revise their coastal engineering
regulations to encourage the use of low impact, adaptable engineering solutions to reduce
risk and improve resiliency of their coastal communities while minimizing adverse impacts
to the environment (Sweet et al. 2017). Adaptable solutions may also be considered as a
short-term (e.g. 15-year design life) stabilization method that can reduce the vulnerability
of a coastal community while long-term, more expensive and comprehensive alternatives
are assessed.
3.1.1 International Performance History
In many locations, Geotextile Sand Containers (GSCs) and geo-tubes have proven to
be effective, resilient alternatives to “hard” solutions in higher wave energy environments
since the 1980’s. There are a variety of projects and locations in Australia where geotextiles
were used to construct temporary or alternative structures. In 1985, the Gold Coast City
Council constructed a 120 m long by 5 m high sand filled groin using geo-tubes as a
temporary structure to retain sand during a nourishment project in North Kirra (Restall et
al. 2002). At this site, offshore significant wave heights exceed 12 m and the groin served
its primary purpose of stabilizing the beach until it was covered in 1990 during a
subsequent nourishment project (Restall et al. 2002). In 1996, a GSC revetment (Fig. 3.1a)
was constructed in Stockton Beach to provide temporary protection for a beach club that
was in danger of collapsing due to severe erosion (Restall et al. 2002). A sample of
geotextile from one of the GSCs was removed in 2010 and it was found that sand
43

impregnation increased the geotextile mass by 280% and there was a slight improvement
in its tensile strength (Wishaw et al. 2011). The GSC revetment was still standing as of
June 2016 (Fig. 3.1b) despite significant storms that produced offshore waves up to 13 m
and severe erosion throughout Australia’s east coast (Connell 2016).

(a)
(b)
Figure 3.1: (a) GSC revetment at Stockton Beach, Australia in December 2000 (Restall et
al. 2002); (b) Following an extreme weather and erosion event in June 2016 (Connell
2016).
There are 10 locations in South Africa where over 2,600 m of GSCs were installed
from 2007 to 2012 (Corbella and Stretch 2012). These projects along with the installation
of a variety of other coastal defenses was a result of a March 2007 significant weather event
combined with an extreme tidal cycle that produced significant wave heights up to 8.5 m
and water levels 2.7 m above the charted datum (Corbella and Stretch 2012). The first
notable test of the GSCs was in 2011 from a significant wave height of 5 m and there was
some localized failure where a GSC was dislodged from its location (Fig. 3.2), sand shifted
inside underfilled GSCs, and vandalism created weak spots where sand leaked from a few
containers (Corbella and Stretch 2012).
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Figure 3.2: Localized failure of a GSC revetment in South Africa. The red rectangle
indicates the original location of the GSC identified with the red circle (Corbella and
Stretch 2012).
On the Island of Sylt in Germany, erosion of a coastal bluff in 1990 threatened the
historic Haus Kliffende (Heerten et al. 2000). Since German authorities viewed rock
structures and concrete revetments as detrimental to sandy beaches, an 8 m high revetment
constructed with geotextile sand cushions, i.e. sand wrapped in geotextiles, was built to
stabilize the bluff adjacent to the historic home (Heerten et al. 2000). The sand cushions
performed well during their first 10 years of service (Figure 3.3a) and according to Heerten
et al. (2000) they endured numerous significant winter storms and storm surges throughout
the 90’s. More recent images online show the sand cushions enduring significant wave
action during winter storms and still in service up to at least 2012 (Figure 3.3b).

(a)
(b)
Figure 3.3: (a) Geotextile sand cushions protect Haus Kliffende in 1999 (Heerten et al.
2000); (b) Sand cushions still in service as of 2012 (www.syltpress.de).
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3.1.2 Performance History in the United States
In the U.S., most applications of reinforced or artificial dunes have been in emergency
or temporary applications where limited project details and performance data exists. There
are a few exceptions to this, and there is a clear need for accurate performance data for
these systems to validate design approaches and better understand their limitations. For
example, following significant erosion that occurred in Galveston during TS Josephine and
TS Frances in 1996 and 1998 respectively, Galveston County used Federal disaster
assistance funding to construct approximately 12 km of geo-tube reinforced dunes from
April 1999 to May 2000 (Heilman et al. 2008). After construction, the USACE evaluated
the interaction of the geo-tubes with the beaches for approximately 8 years. Hurricane
Claudette was the most severe storm to impact the area during this time period with water
levels 1 m above the stated threshold conditions for significant erosion and vegetation line
recession and offshore wave heights greater than 3 m (Heilman et al. 2008). “Recession of
the dunes and bluffs was on average 30 to 50 percent greater for areas without geo-tubes,
suggesting that the property and infrastructure landward of the geo-tubes would have been
damaged without the geo-tubes. Despite failure of several short sections of the geo-tubes
and numerous punctures and tears, there was minimal damage to infrastructure…Benefits
of the geo-tubes also include protection of the only evacuation routes for west Galveston
Island and Bolivar Peninsula and the maintenance of a wider upland buffer for increased
protection against surge and waves during future storms (Heilman et al. 2008).” Hurricane
Ike was the next significant storm to impact this area following the monitoring period. Due
to the surge resulting from Ike, the level of protection provided by the geo-tubes was less
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notable and the tubes experienced additional failures as noted in Figure 3.4 (Khalilzad and
Gabr 2011).

Figure 3.4: Different modes of geo-tube failure during Hurricane Ike in Galveston, TX
(Khalilzad and Gabr 2011).
More recent, unpublished projects are on-going on the islands of Nantucket,
Massachusetts and Maui, Hawaii. On the east coast of Nantucket, the Siasconset Beach
community has experienced significant erosion of coastal bluffs leaving historic homes,
the Sankaty Head lighthouse, and local roads extremely vulnerable. Surveys of the site
began in 1994 prior to the installation of an upgrade to an existing dewatering system
designed to redirect water flow and reduce erosion rates (Buck and Hamilton 2017). Since
that time over 70 surveys have been completed along multiple cross shore transects to
monitor the impact of the dewatering system upgrade (completed in December 2001) and
subsequent mitigation measures including the installation of geo-tubes (Fig. 3.5).
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(a)
(b)
Figure 3.5: (a) Siasconset Beach project area; (b) Cumulative shoreline change at Profile
91.5 since 1994 (Buck and Hamilton 2017).
In 2013-2014, 260 m of geo-tubes (Figure 3.6a) were installed to replace the dewatering
system and reduce erosion. This effort was coordinated and funded by the Siasconset Beach
Preservation Fund (SBPF). A rigorous monitoring and maintenance program was
established with clear failure criteria and the escrow of funds to remove the tubes if they
were found to be ineffective or destructive to the adjacent natural environment (Figs. 3.5b,
3.6b). As shown in Figure 3.5(b), construction of the geo-tubes established a new shoreline
baseline in May 2013 and the geo-tubes have not led to a noticeable degradation of the
shoreline position when compared to previously documented conditions. More recently,
the geo-tubes performed very well during the series of nor’easters that struck Nantucket in
March 2018; they were able to keep the toe of the bluff stabilized while other sections of
the bluff without the geotubes experienced erosion. While the geo-tubes may result in the
loss of sand seaward of the tubes during significant weather events, SBPF’s proactive
maintenance program restores the project site to acceptable thresholds during recovery.
The success of this project, particularly in terms of its well-documented performance and
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maintenance has led to a follow up proposal to extend the geo-tubes to reinforce additional
sections of the vulnerable bluff.

(a)
(b)
Figure 3.6: (a) Geosynthetic tube installation in Nantucket, MA in 2014; (b) Monitoring
the geo-tube performance during Winter Storm Jonas in January 2016 (SBPF 2017).
In Maui, GSCs have been used since the late 2000’s for emergency erosion
protection projects. More recently, the El Niño in 2015 produced significant waves and
erosion along the west coast. Elevated sea levels since 2015 has led to additional erosion,
increasing the vulnerability of many structures and forcing landowners to secure
emergency permits for GSC installation (Figure 3.7; Owens 2017). Permits, which
typically include a site plan and general design guidelines, are issued when a structure is
imminently threatened and erosion is within 6 m. Since the erosion issues on the island
rarely improve and the GSCs have provided an effective response to imminent erosion
impacting structures, the GSCs become more of a permanent fixture despite the typical 3yr lifespan allowed by permit. As a result, the State is working to enforce these permits
more rigorously to encourage landowners and municipalities to develop long-term
solutions. Maui is one of the few locations where GSCs are directly impacted by wave
action (Fig. 3.7d) and it provides a good opportunity for direct evaluation of published
stability approaches.
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(a)

(b)

(c)

(d)
Figure 3.7: Kahana Beach with the pool house structure circled for reference in (a)
September 2015; (b) April 2016; (c) April 2016; (d) June 2016 (Owens 2017).
3.2 Design Considerations
There are several modes of geosystem failure including hydraulic stability, internal
stack stability, deformation, and geotechnical stability (Pilarczyk 2000). Wave loading is
one of the most critical factors affecting stability. Waves can be described by a period (or
wavelength), wave height, and wave steepness. As they enter shallow water they will begin
to break and produce inertial, lift, and drag forces on a geosystem structure. The forces are
complex and the magnitude and distribution of the wave loads will depend on the specific
wave conditions and geometry of the structure (USACE 2011). The highest hydrodynamic
pressures will occur if the wave breaks as it impacts the structure (USACE 2011). Waves
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can also cause high velocities at the toe of geosystem structures that can lead to scour and
geotechnical instabilities if scour protection is not utilized.
Various stability analyses of GSCs and geo-tubes have been developed in the
literature.

Dassanayake and Oumeraci (2012) summarized the progression of GSC

hydraulic stability formula from the use of Hudson’s formula (1956) which describes the
hydraulic stability for stone armor layers to Wouters (1998) stability formula which
introduces a modified stability number to account for the wave period. Since that time,
Coghlan et al. (2009), Recio and Oumeraci (2009), Hornsey et al. (2011), and Dassanayake
and Oumeraci (2012) performed numerous small and large scale experiments along with
numerical analyses to better describe differences in hydraulic stability between GSCs
located at the crest and those on the slope. What is still needed is high-quality field
performance data to evaluate these analyses, and the following section describes recent
monitoring efforts at a GSC-reinforced dune at Montauk, New York.
3.3 Performance of a GSC-reinforced dune at Montauk, New York
The USACE has been working with New York State and Long Island coastal
communities since the 1960s to study the coastal processes along the southern shore of
Long Island as part of the Fire Island to Montauk Point (FIMP) Study. The overall goal of
the study and its most recent reformulation is “to identify a comprehensive long-term
solution to reduce the risk of coastal storm damages along the south shore of Long Island
in a manner which balances the risks to human life and property while maintaining,
enhancing, and restoring ecosystem integrity and coastal biodiversity (USACE-NAN
2014).” Due to the severe erosion resulting from Hurricane Sandy in 2012 in the Downtown
Montauk beach area, one of the recommendations from the study was to implement a one51

time, stand-alone stabilization project with an estimated 15-yr project life to protect the
extremely vulnerable shorefront commercial buildings while a long-term plan was
developed (USACE-NAN 2014).
Waves are the dominant forcing mechanism for most coastal processes in the
Downtown Montauk area and significant wave heights during extreme storm events may
exceed 5.5 m (USACE-NAN 2014). The alternatives considered for the Stabilization
Project included (1) Beach Restoration, (2) Beach Restoration and Buried Seawall, (3)
Feeder Beach, (4) Dune Reinforcement, and (5) Dune Reinforcement and Feeder Beach.
Since alternatives 1, 2, 3, and 5 assumed a periodic nourishment would be required every
4 years, this increased the annualized cost estimates for these alternatives and violated the
stipulation that this project be a one-time, stand-alone project in advance of whatever longterm FIMP solution that may be implemented (USACE-NAN 2014). As a result, a GSC
reinforced dune was considered the only viable alternative.
This is the first federally-funded GSC reinforced dune in the U.S., and construction
began in late fall 2015 (Fig. 3.8). The Stabilization Project site is over 1 km and made use
of over 11,000 GSCs to reinforce the dunes, which were then reconstructed along with
placement of a protective berm. The initial cost of the project was approximately $7M and
the final cost was close to $10M due to change orders caused by severe winter storms which
eroded project sand and resulted in project delays. Construction was completed in March
2016 and a post-construction site visit was conducted to compare the reconstructed site to
the conditions following Hurricane Sandy (Fig. 3.9). Since that time several post-storm
surveys of the beach and dune have been conducted by the authors.
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Figure 3.8: Reinforced dune cross section used for the Downtown Montauk Stabilization
Project (USACE-NAN 2014).

(a)
(b)
Figure 3.9: Photographs of Downtown Montauk Beach adjacent to Royal Atlantic Hotel
following (a) Hurricane Sandy (Newsday, October 2012); (b) Completion of the Dune
Stabilization & Beach Nourishment Project (July 2016).
Tropical Storm (TS) Hermine was the first significant storm to impact this area in
September 2016, less than 6 months after the completion of construction, and it caused
significant erosion of the beach and vegetated dune (Fig. 3.10a). The next significant storm
to impact Montauk was a nor’easter in January 2017. It produced offshore waves 1 m
bigger than TS Hermine and a higher estimated storm surge. The erosion of the
unreinforced beach was more extensive and displacement of several GSCs (Figs. 3.10b and
3.10c) were observed. Detailed surveys before and after significant storms were conducted
using a combination of Real-Time Kinematic DGPS (RTK-DPGS), Structure-from-Motion
(SfM) Photogrammetry from an unmanned aerial vehicle (UAV), and a ship-mounted
LiDAR/interferometric sonar system. For each storm, peak wave characteristics and water
levels were collected from NOAA’s Data Buoy Station #44017 23 NM SSW of Montauk
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Point, NY and Tide Station #8510560 in Montauk, NY. A summary of this data including
deep water significant wave height (Hs), wave period (Tp), mean wave direction (MWD),
and still water flood level (SWFL) above Mean Higher-High Water (MHHW) for the most
significant storms observed to date is included in Table 3.1.

(a)

(b)

(c)
Figure 3.10: Erosion and impacts from (a) Tropical Storm Hermine (First Coastal,
September 2016); (b) January 2017 nor’easter showing displacement of a single GSC (First
Coastal Corp., January 2017); (c) January 2017 nor’easter showing movement of several
GSCs towards the ocean (note the dashed line for reference) (First Coastal Corp., January
2017).
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Table 3.1: Peak Wave Characteristics & Water Levels from significant storms.
Events

Hs (m)

Tp (s)

MWD (degT)

SWFL (m, MHHW)

09/06/2016

4.5

11

097

0.47

01/24/2017

5.5

11

114

0.78

09/19/2017

4.2

13

150

0.47

10/30/2017

5.0*

13*

142*

0.77

01/04/2018

5.5*

8*

323*

0.81

03/02/2018

5.0

8

055

0.81

03/07/2018

4.5

9

094

0.61

03/13/2018

4.6

11

087

0.47

*Wave data from Station #44025 (Next closest Data Buoy since #44017 was not
operating).
After the January 2017 nor’easter, there were no additional significant erosion events
in the 2017 winter storm season so an SfM Photogrammetry survey was conducted to
assess the morphology of the project site. As can be seen in Figure 3.11, accretion of sand
on the beach profile and GSCs occurred from the January 26, 2017 survey (Figs. 3.10b and
3.10c) to the SfM survey on March 16, 2017. It should be noted that no beach maintenance
was done by the USACE or town during this period. A change analysis using the DEM
produced from the SfM survey on March 16th and the most recent USGS DEM available
for the site from May 2014 clearly highlights the location of the reinforced dune (Fig. 3.12).
While the change analysis also indicates erosion of the beach, no clear conclusions about
the impact GSCs have on cross-shore erosion may be drawn at this point due to the time
between the two DEMs.
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(a)
(b)
Figure 3.11: March 16, 2017 photographs in front of the Royal Atlantic hotel showing (a)
accretion of sand on the beach profile, and (b) accretion of sand on the GSCs (March 2017).

Figure 3.12: DEM change analysis from May 2014 to March 2017, note the location of the
reinforced dune is highlighted by the blue shading.
As can be seen from Table 3.1, the 2017-2018 hurricane/winter storm season produced
additional significant weather and erosion events. RTK-DGPS surveys were performed for
most of these events to collect cross shore profiles and a DEM was generated from SfM
Photogrammetry for the October 2017 storm (First Coastal Corporation, personal
communication). The cross-shore profile history for all data collected for the most critical
profile (in front of the Royal Atlantic Hotel) is provided in Figure 3.13. As shown, the
March 6, 2018 nor’easter was the next most significant erosion event observed. Similar to
TS Hermine and the January 2017 nor’easter, the first of the March 2018 nor’easters eroded
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the beach and exposed GSCs. The two subsequent nor’easters on 3/11 and 3/16 caused
additional erosion and exposure of GSCs at the east end of the project site due to the
easterly MWD for each of these storms. In front of the Royal Atlantic Hotel, it can be seen
in Figure 3.13 that accretion of sand occurred and this was the case at the remainder of the
project site west of the hotel.
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Figure 3.13: Cross shore profiles for the most critical erosion area at the Downtown
Montauk beach project site. For reference, the NAVD88 vertical datum is 0.1 m above
Mean Sea Level (MSL) for this location.
3.4 Discussion
Since the severity of observed storms impacting the Downtown Montauk beach project
site has not exceeded an estimated 5-year return period, the combined waves and surge
from storm events has not produced a condition where waves are directly impacting the
GSC revetment as modeled in wave tank experiments described previously (e.g.
Dassanayake and Oumeraci 2012). Some observations that are consistent with the
experiments include the bulging of the seaward ends of some GSCs and minor
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displacements due to wave run-up. The GSC displaced in Figure 10b was part of the toe
scour protection. Its placement, with no GSC above, forced it to behave like a crest GSC
but it’s relocation did not compromise the structural stability of the slope or reduce the
crest height of the reinforced dune. Tears in GSCs have been noted in less than 20 GSCs
throughout the project site, i.e. less than 0.2%, and are typically the result of debris impact
from a broken sand fence or flotsam. One GSC tear in front of the Royal Atlantic Hotel has
been monitored since TS Hermine and while sand loss has resulted in the settlement of
adjacent GSCs, the structure has remained stable.
The overall morphology of the site has become more of a focus of the field monitoring
due to storm intensities. Reviewing over 20 cross shore profiles for the 1 km site, including
Figure 13, a good comparison to start with is the USGS 2014 DEM and the URI survey
performed on 9/8/2017 where the profiles are similar. While the Town of East Hampton
spent about $20k for sand to prepare the beach for the 2017 summer season and then
performed routine maintenance throughout the summer, the development of the 9/8 profile
was typical for the Downtown Montauk beach recovery periods. The profiles resulting
from the three most significant observed storms (e.g. TS Hermine, Jan ’17 Nor’easter, and
Mar ’18 Nor’easter) are similar. Exposure of coarser sediment, cobbles, and larger rocks
during each of these events seems to result in a near equilibrium profile where persistent
wave conditions and increased water level do not result in additional erosion. This theory
is supported by the fact that the two subsequent nor’easters in March 2018 did not result in
additional erosion of the profile. Analyzing the remaining storm profiles, the
hydrodynamics of each storm resulted in different levels of erosion throughout the site.
The GSC revetment was regularly exposed during storm events but its relatively gradual
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slope of 26.5° has resulted in the accretion of sand on the GSCs and beach during recovery
periods.
Based on the survey data provided through this research the Town recently completed
a renourishment project in May 2018 with a total cost of $986k to restore the beach for the
2018 summer season (Wright 2018). In 2017, Montauk Tide Station #8510560 set a new
record for the number of high tide flood days per year and forecasts suggest 2018 may be
worse (Sweet et al. 2018). If that is the case, it is likely periodic replenishment will continue
to be needed in the future to maintain a beach profile suitable for tourism. While the
USACE design included an annual $157k budget for site maintenance, future
renourishment projects that approach $1M may contradict the one-time stand-alone project
requirement (USACE-NAN 2014).
3.5 Conclusions
Continued development encroachment on the shoreline has left coastal communities
increasingly vulnerable to the effects of storm surge, waves, and erosion. Dunes reinforced
with GSCs and geo-tubes are increasingly being used to stabilize coastlines for shorter time
periods (e.g. 15 years) as an alternative to hardened structures like stone revetments. The
objective of this paper was to summarize the performance of several GSC and geo-tube
stabilized sites and document the current findings of an ongoing study to assess the
performance of a new GSC reinforced dune in Montauk, NY. Performance in Montauk is
assessed by a variety of surveying techniques, including RTK-GPS, photogrammetry using
UAVs, and ship-mounted LiDAR and interferometric sonar systems. Information from
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these surveys is used to track movement and damage to individual GSCs and to inform
decision makers about subsequent beach nourishment.
The GSCs and geo-tubes have been resilient, performing well and typically beyond
the intended service life at most sites. At the New York, Massachusetts, and Hawaii sites,
the more recent installations provide an excellent opportunity to continue the collection of
performance data through in situ monitoring systems to evaluate published design
approaches and the impact of the geotextile reinforcement on the surrounding environment.
The need for periodic (or annual) beach replenishment at the New York and Massachusetts
sites, and the costs of these efforts should continue to be tracked so the life cycle costs
associated with a geotextile reinforced dune is more accurately quantified. The projects in
Hawaii are performing above expectations, which suggests that they should be considered
as more than simply temporary (i.e. <3 years) or emergency solutions.
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Abstract
In many coastal communities, encroachment of infrastructure on the natural beach
system constrains natural dune volumes and necessitates construction of structural and
nonstructural mitigation measures for improved coastal resilience. Nature-based solutions,
such as dunes reinforced with geosynthetic sand containers (GSCs), are increasingly being
used to avoid the permanency of hardened structures like seawalls and revetments. Dunes
reinforced with GSCs have the potential to protect communities from smaller storm events
(e.g. 50-year storms) while at the same time providing flexibility in design considering the
uncertainty regarding rates of sea level rise and the increasing destructive power of storm
events. However, there are currently no accepted design standards for these geosystems,
and there is a gap in the knowledge of designers, planners, and decision makers of how to
assess the performance and understand the tradeoffs of reinforced dunes for coastal
protection systems. The objective of this paper is to present a fragility analysis of a
Federally-funded GSC-reinforced dune in Montauk, NY. This dune was constructed in
2016 and experienced significant erosion of the protective berm and sand covering the
GSCs during a 1-year storm event that same year. To perform the fragility analysis, field
observations of erosion/deposition made over a 3-year period were used to calibrate 2-D
and 1-D erosion models using the morphodynamic model XBeach. Damage was quantified
as erosion of the berm, exposure of the GSCs, and movement of the GSCs. Monto Carlo
simulations of erosion at a critical transect were performed using distributions of surge
level and significant wave height for storms with return periods of 1, 2, 5, 10, 20, and 50
years, and the results were binned for each damage state. Movement of the GSCs was
estimated using published relationships between a stability number and the surf similarity
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parameter. The resulting fragility curves are consistent with the performance of the
reinforced dune since 2016, including the amounts and frequency of annual replenishment
needed at the site. This approach can be incorporated into various hazard mitigation and
loss prevention tools, and can better inform all stakeholders about the benefits and
drawbacks of adaptive, nature-based coastal protection systems.
4.1 Introduction
As sea level rise driven by climate change increases the vulnerability of coastal
communities, it is critical to understand the impacts of reinforcing natural and built systems
to protect infrastructure, communities, and ecosystems during severe storm events. With
an increase in average global temperature of 2°C above preindustrial levels, global sea
level rise will likely exceed 0.5 m by 2100 and relative sea level along the contiguous U.S.
coast will rise 0.25 – 0.30 m by 2050 (Sweet et al. 2022). This rise in sea level will amplify
the destructive power of storm events which are also increasing in intensity and rate of
intensification globally since 1980 (Knutson et al. 2021). Using risk-based hazard
assessments, such as fragility curves, it is possible to quantify the resiliency of reinforced
coastal systems to changes in sea level and severe storm events at various return intervals.
The U.S. Army Corps of Engineers (USACE) developed a fragility analysis framework
and identified four approaches to characterize system reliability; judgmental, empirical,
analytical, and hybrid (Schultz et al. 2010). When applying an analytical approach based
on models to assess the resiliency of natural beach systems, specifically dunes, the crosssectional area was generally used to estimate the resiliency of the system. An initial crosssection of at least 50 m2 seaward of the dune crest above the 100-yr Still Water Flood Level
(SWFL) has been widely accepted for many years to protect the landward features behind
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the dune, prevent significant overwash, and dune flattening for a 100-yr event; otherwise
erosion quantities may be three times greater than expected for a dune face retreat during
a 100-yr event (Hallermeier 1988). When assessing the resiliency of dunes during a 50-yr
event, a rule-of-thumb recommendation is that crest heights should be at least 5 m above
Mean Sea Level (MSL) and the crest width should be at least 8 m (Gruhn et al. 2012). The
following formula relates storm return period to the critical value of the cross-shore area
(Ad) that would be eroded above the SWFL during a typical 100-yr event (Schambach et
al. 2018; Grilli et al. 2017):
Ad = 8Tr0.4
(1)
where

Ad = cross-sectional area of the dune (m2); and
Tr = storm return period (yr).

In many coastal communities, infrastructure encroachment on the natural beach system
constrains dune volumes and these minimum guidelines for dune cross-sectional area
cannot be met. This creates vulnerabilities and forces coastal managers to consider
nonstructural and structural measures for coastal storm risk management and resilience.
Nonstructural or grey mitigation measures, in particular acquisition and relocation (i.e.
managed retreat) can be highly effective since the vulnerable infrastructure is permanently
relocated. However, these measures come at a high cost and may impact the socioeconomic conditions of the coastal community; such solutions require long-term,
comprehensive analyses and significant stakeholder involvement (Nadal-Caraballo et al.
2015). When considering structural measures to stabilize a shoreline, seawalls and
revetments are commonly used. Like nonstructural measures, the high cost and
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permanency of seawalls, in addition to impacting morphodynamic conditions adjacent to
the hard structure, has led to consideration of nature-based solutions such as dunes
reinforced with Geosynthetic Sand Containers (GSCs), especially when short term
stabilization, ease of installation/removal, and environmental impacts are significant
criteria for the project site (USACE-NAN 2014). Due to the porosity of the sand inside the
GSCs, they are less dense when compared to riprap and if the GSCs negatively impact the
surrounding morphodynamic conditions, the containers can be removed and the sand is
used to replenish the surrounding environment.
The design of GSC structures has developed primarily from research on scaled
laboratory experiments and numerical modeling (e.g. Coghlan et al. 2009; Recio and
Oumeraci 2009). With increasing use of GSCs and reinforced dunes in the U.S. as
permanent coastal protection systems (i.e. not just in emergency situations), there is a need
for incorporation of in situ performance data into these design approaches (Maggi et al.
2019a; 2019b). Furthermore, current stability formulas and nomograms developed to
characterize GSC systems are not intuitive for coastal community stakeholders to assess
the level of resiliency provided by a GSC-reinforced dune and beach system.
The objective of this paper is to present the development of a fragility analysis of a
GSC-reinforced dune that incorporates recognizable damage states, 2-D and 1-D erosion
modeling using the morphodynamic model XBeach (“eXtreme Beach behavior”; Roelvink
et al. 2015), and field data from a reinforced dune in Montauk, NY. The development of
fragility curves offers a tool for the assessment of performance and an understanding of the
tradeoffs (e.g. periodic replenishment) of reinforced dunes for coastal protection systems.
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4.1.1 Fragility Analyses for Coastal Protection Systems
A fragility curve represents the conditional probability of failure of a coastal structure
(e.g. natural dune, reinforced dune, seawall, etc.) as a function of a certain stress acting on
the structure (typically water level or wave height/period; Gruhn et al. 2012). This is
illustrated in Figure 4.1, in which the probability of achieving some specified level of
damage (e.g. dune failure) is related to the water level. A fragility curve differs from a
damage function that quantifies a deterministic degree of damage directly to an
environmental stress (e.g. NACCS damage curves; Cialone et al. 2015). The main
advantage of a fragility curve is that it can account for uncertainties in both the structural
resistance (i.e. capacity) and the environmental stress (i.e. demand) of the system. Fragility
curves can be used to quantify the conditional probability of different damage states, from
beach erosion to damage of the reinforced dune core to failure of the entire system.
Stochastic analyses, such as Monte Carlo simulations, are used to estimate a range of
outcomes from distributions of environmental forces or system response variables, and thus
characterize uncertainty in the analyses (Balomenos and Padgett 2018).

Figure 4.1: Fragility curve example (Bachmann et al. 2008).
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Fragility curves have been developed for a variety of coastal structures and hazards.
Their most common use has been within the Federal Emergency Management Agency’s
(FEMA) Hazus program, which is a Geographical Information Systems (GIS) tool for
assessing loss and risk to structures and infrastructure from earthquakes, hurricanes, and
floods. More recently, Rehman and Cho (2016) developed fragility curves to assess
building performance for tsunami hazards. Importantly, there have been no studies
developing fragility curves for reinforced dunes. Gruhn et al. (2012) did develop fragility
curves for natural, unreinforced dunes using a minimum crest width that was required to
achieve the stability needed for flood protection as the threshold to define dune failure.
Van Gent’s erosion model (2008) was used to simulate the dune crest erosion and Monte
Carlo simulations were performed to develop fragility curves for storms having a range of
return periods. The environmental forcing parameter that was used in the development of
the fragility curve included the combined effects of water level and wave height.
4.1.2 Previous Studies on Geosynthetic Sand Containers
The performance and stability of GSCs is a function of several properties: sand fill ratio
(i.e. sand volume : GSC volume), material properties of the geotextiles (i.e. tensile strength,
elasticity, coefficient of friction), properties of the sand fill (i.e. density, porosity), and
interface friction between GSCs (Dassanayake and Oumeraci 2012a). The sand fill ratio
has significant impacts on long term performance since insufficient filling leads to
movement/loss of fill material, geotextile material elongation, and deformation of the
containers/revetment (Corbella and Stretch 2012). Numerous field and laboratory
observations have been used to validate the optimal sand fill ratio for GSC stability. Ratios
above 90% improve the resilience of the containers and contribute to an interface friction
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between GSCs that is highly resistant to pullout, as illustrated in Figure 4.2 (Dassanayake
and Oumeraci 2012b). The geotextile material selection is also critical to GSC performance
and stability since woven fabrics have greater maximum strength but are less elastic when
compared to nonwoven fabrics (USACE 1986). Field and laboratory observations have
validated the resilience of nonwoven fabrics and increased interface friction of nonwoven
versus woven fabrics as well (Heerten et al. 2000; Hornsey et al. 2011). Figure 4.2
illustrates other potential failure modes of a GSC revetment where initial deformation (i.e.
displacement) may lead to pullout/sliding, overturning, and overtopping that can be
quantified in a fragility analysis.

Figure 4.2: Potential failure modes of a GSC-revetment. Slope GSCs are subject to all of
the indicated failure modes, except overturning which applies to the crest GSCs
(Dassanayake and Oumeraci 2012b)
Hydraulic stability of GSC-structures is typically assessed using some form of
Hudson’s formula (1956). While the original Hudson’s formula for hydraulic stability of
rock structures was used for early GSC designs, omission of the wave period and inclusion
of an empirical coefficient for different types of armor units limited its applicability for
GSC structures (Dassanayake and Oumeraci 2012b; Hornsey et al. 2011). Since that time,
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Dassanayake and Oumeraci (2012) note significant contributions from Wouters (1998),
Pilarczyk (2000), Oumeraci et al. (2002a, 2002b, 2002c, 2003, 2007), Recio (2007), Mori
(2008), Recio and Oumeraci (2009), Coghlan et al. (2009), and Hornsey et al. (2011); these
advancements in GSC hydraulic stability research led to the following formula for the
design of GSC structures where the stability number (Ns) is compared to an empirical
relationship with the surf similarity parameter (ξ0) when considering the range of failure
from initial displacement of a GSC to pullout (Oumeraci et al. 2003):
𝑁𝑁𝑠𝑠 =
(𝜌𝜌
where

𝐻𝐻𝑖𝑖

𝐺𝐺𝐺𝐺𝐺𝐺 / 𝜌𝜌𝑤𝑤 −1) ∙ 𝐷𝐷

<

𝐶𝐶𝑤𝑤

�ξ0

with ξ0 = tan 𝛼𝛼 / �𝐻𝐻𝑖𝑖 ⁄𝐿𝐿0

𝐷𝐷 = 𝑙𝑙𝑐𝑐 sin 𝛼𝛼

Ns = stability number (-);

Hi = incident wave height (m);

ρGSC = density of GSCs (kg/m3);
ρGSC = (1 – n) · ρs + (ρw · n)
ρs = density of sand (kg/m3);

ρw = density of water (kg/m3);
n = porosity of sand;
D = thickness of armor layer (m)
lc = length of a GSC (m);
α = slope angle of the structure (°);
Cw = empirical parameter derived from the stability number Ns (-);

ξ0 = surf similarity parameter;
L0 = g Tp2/(2π) = deep water wave length (m); and
Tp = peak wave period (s).
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(2)

The configuration of the GSC structure, relative water level, and wave climate all
influence the selection of the empirical parameter (Cw). Extensive research conducted by
Recio (2007) on GSC stability included experimental model tests to analyze wave-induced
flow on GSC structures, sand movement in the containers, and failure modes of the
structures under wave action. Coupled with numerical simulations, this research led to the
derivation of empirical lift, drag, and inertia parameters to better quantify the various forces
impacting the hydraulic stability of GSCs. While a significant advancement in the
understanding of the complex conditions that influence stability, the complexity of the
formulae has limited their application for engineering design and led to the development
of stability charts for various structure slopes and GSC sizes (Dassanayake and Oumeraci
2012b; Coghlan et al. 2009; Hornsey et al. 2011). Results from the scaled models were
used to develop these design tools, and observations of the number of GSC units displaced
during each test were used to quantify damage.
Based on this research, the following observations can be made about the stability of
GSC structures:
•

Slope GSCs are more stable than crest GSCs;

•

Reducing the slope of the structure from 1V:1H to 1V:2H reduces the
stability of slope GSCs due to reduced overburden stress; this results in a
displacement-type mode of failure; and

•

The sequence of GSC structure slope failure from displacement, to pullout,
and eventually collapse.

Figure 4.3 provides an example of the observations used to develop the Cw relationship
where initial displacement/incipient motion occurs around Cw = 2.0 and pullout/potential
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structure collapse occurs around Cw = 2.8. Observations during the scaled model tests used
to develop these empirical relationships also confirm that crest containers move first due
to the interlocking of slope containers and overburden of adjacent containers (Oumeraci et
al. 2003).

Figure 4.3: Scaled model test results for GSC containers (Oumeraci et al. 2003)
4.2 Field Observations of a GSC-Reinforced Dune
Hurricane Sandy in 2012 caused significant damage to an already vulnerable natural
beach/dune system protecting the Montauk, NY coastal community, where annual
shoreline erosion rates are approximately 0.9 m/yr (USACE-NAN 2014). As a result, the
USACE Downtown Montauk Stabilization project was implemented with the objectives of
stabilizing the coastline adjacent to the vulnerable infrastructure while also ensuring the
project would not limit future project alternatives identified in the Fire Island to Montauk
Point (FIMP) Reformulation Study (USACE-NAN 2014). In a controversial design
(Young 2017), the existing natural dune was removed and replaced with a GSC-reinforced
dune and a large sacrificial berm (Fig. 4.4). The project was completed in March 2016, and
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a detailed overview of the project and subsequent monitoring program are provided in
Maggi et al. (2019a; 2019b).

(a)

(b)

Figure 4.4: (a) GSC revetment under construction adjacent to a beachfront structure (First
Coastal 2016); (b) Completed project site (Maggi 2016).
The project site is approximately 1 km long and over 14,500 GSCs (10 m3 each) were
used as the core of the dune (USACE-NAN 2016). The GSCs were a composite of woven
fabric to provide maximum strength to contain the sand and nonwoven fabric to protect the
exterior of each GSC and improve the interface friction (TenCate 2015). The fill ratio was
determined to be approximately 97% using Robin’s (2004) equation for the maximum
volume (Vmax) of a container based on the flat dimensions, 1460 kg/m3 for the dry density
of the sand, and an estimated 1700 kg mass of a GSC (Dassanayake and Oumeraci 2012b;
USACE-NAN 2014).
𝑏𝑏

where

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎3 [ 𝜋𝜋𝜋𝜋 − 0.142 �1 − 10

a = length of a flat rectangular bag; and

−𝑏𝑏�
𝑎𝑎 �]

(3)

b = width
While the calculated fill ratio relies on assumed values from credible sources, it may
slightly overestimate the actual fill ratio. Regardless, the sand fill ratio for the GSCs at
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Montauk is likely above 90% and field measurements of the containers closely align with
the design values. The slope of the GSC-reinforcement is 1V:2H and a combination of
USACE as-built data, field surveys, and U.S. Geological Survey (USGS) data were used
to measure the initial beach/reinforced dune profile immediately after construction in July
2016.
Field observations began in September 2016 following Tropical Storm (TS) Hermine,
which was the first significant storm to impact the site and resulted in complete erosion of
the beach berm and exposure of the GSCs (Fig. 4.5). Twelve additional surveys were
performed through October 2019, to document annually the condition of the GSCreinforced dune and beach system at the end of the summer season and following various
significant storm events through the fall/winter/spring (Maggi et al. 2019b).

Figure 4.5: Erosion of beach berm and exposure of GSC-reinforcement toe adjacent to
the beachfront structure during TS Hermine (First Coastal 2016)
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4.3 Development of Fragility Curves for a Reinforced Dune and Beach System
This section describes the methodology used to develop fragility curves for the
GSC-reinforced dune in Montauk, NY. Beach erosion for a range of storm events was
simulated using XBeach in 1-D in a Monte Carlo approach at the critical (i.e. the most
vulnerable) cross-section at the site. The 1-D analysis was validated with a 2-D analysis,
which considered relevant physical processes neglected in 1-D including wave-refraction
and longshore currents. Both the 2-D and 1-D analyses were initially calibrated with
observations at the site. Once the 1-D XBeach model was calibrated, Monte Carlo
simulations were performed with a design storm defined by a time series with a given
significant wave height and peak period. The design storm was chosen based on
observations and scaling coefficients were estimated by comparison of spectral parameters
for specific return periods extracted from the NACCS database. An uncertainty for each
spectral parameter was estimated based on the confidence interval for the return period and
the design storm as scaled accordingly for each simulated storm event. The results of the
Monte Carlo simulations included an eroded profile of the beach/dune and a volume of
sediment removed. These results were binned in terms of water level (surge), wave height
and specific damage states, and the statistics of the results were used to develop fragility
curves. Each of these steps in the methodology are described in more detailed below and
an overview of the process is provided in Figure 4.6.
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Figure 4.6: Illustration of the methodology for the development of fragility curves for a
reinforced dune and beach system. Detailed inset figures included in Figures 4.7 – 4.13.
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4.3.1 Site and Storm Characterization
The first step in the fragility analysis is to characterize the hazard associated with local
storm events. These local events can be represented by storm surge (η), and wave spectral
parameters (significant wave height (Hs), associated peak period (Tp), and wave direction)
and associated to a given return period. Each of these events results in velocities field,
water depth and associated momentum flux that drive longshore currents, undertows, and
sediment transport resulting in erosion and accretion.
Tropical Storm Hermine was selected as the design storm because it was the first storm
to impact the reinforced dune in 2016 and detailed measurements of the erosion were
collected. This storm was used to calibrate the XBeach 2-D model, and as the time series
of spectral parameters (e.g. Hs and peak spectral period (Tp)) and corresponding η that were
scaled for random storms simulated in the Monte Carlo analysis (Fig. 4.7a). Wave and
surge data for TS Hermine were obtained from NOAA’s offshore buoy (Station ID 44017)
and tide station (Station ID 8510560) located in Montauk, NY. The peak conditions for TS
Hermine (e.g. Hs = 4.5 m, Tp = 13 s, η = 0.8 m (NAVD88)) occurred around the 49th hour
of the 72 hour time series duration.
The GSC-reinforced dune at Montauk, NY was designed and constructed as part of the
Downtown Montauk Stabilization Project (Fig. 4.7b). This site is part of the USACE FIMP
Reformulation Study, a long-term morphological analysis for the south shore of Long
Island dating back to the River and Harbor Act of 1960 (USACE-NAN 2014). As-built
survey data for the project, provided by the USACE New York District, field surveys of
the beach/reinforced dune system, and USGS digital elevation models (DEM) of the coastal
infrastructure were used to develop the baseline 2-D topographic model in XBeach.
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Nearshore bathymetry for the project site was downloaded from National Oceanographic
and Atmospheric Agency (NOAA).
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Figure 4.7: Site characterization including (a) Design storm time series for TS Hermine Hs
( ) and η ( ) at the offshore XBeach boundary; (b) mitigation design cross-section for
the GSC reinforcement of the dune core (USACE-NAN 2014).
4.3.2 Morphodynamic Characterization using XBeach
Studies have shown that XBeach 2-D provides reliable results when modeling sand
cover over an existing concrete seawall or reinforcement of a coastal dune system (Muller
et al. 2018; Hayward et al. 2018). Recommendations by Muller et al. (2018) note a need to
simulate different storm cases (i.e. return periods) along with other reinforcement designs
to improve the understanding of how reinforced coastal systems covered with sand perform
during a storm event and the required post-storm maintenance of the sand cover.
Performing extensive storm simulations in XBeach 2-D is computationally demanding,
81

therefore a 1-D model is preferred to improve the efficiency of this analysis within a Monte
Carlo framework. In order to compensate for the assumption of longshore uniformity in
the 1-D model, a 2-D model is used to calibrate the model for the design storm based on
observed conditions at the most critical location of the site adjacent to vulnerable
infrastructure. Due to the hydrodynamic drivers of sediment transport in XBeach, site
specific model coefficients produce the most accurate results (Rafati et al. 2021). When
calibrating the GSC exposure area (Zone B) for TS Hermine at the Montauk site (Fig. 4.8),
the facua parameter (an onshore sediment transport parameter used to counteract wave
asymmetry) was modified from the default value of 0.1 to 0.2 and the Manning bed friction
coefficient was changed from 0.02 s/m1/3 to 0.025 s/m1/3. This calibration produced a Brier
Skill Score (BSS) of 0.83 and a root mean square error (RMSE) of 0.46 m when comparing
the modeled and observed cross-section profiles (Al Naser et al. 2018). A BSS equal to 1.0
and a RMSE equal to 0.0 m describes a perfect model when compared to observed
conditions. Therefore, the calibration results obtained by Al Naser et al. (2018) were
deemed to be reasonably accurate to proceed to the 1-D analysis.
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(a)

(b)
Figure 4.8: (a) XBeach 2-D morphodynamic simulation zones (Al Naser et al. 2018); (b)
GSC exposure cross-section adjacent to the beachfront structure. Blue dots represent poststorm measurements, black line indicates initial bed levels, and red line show the XBeach
2-D results (Al Naser et al. 2018).
Using the calibrated XBeach 2-D model, the facua parameter, bed friction coefficient,
and beta parameter were modified to ensure the 1-D model produced reliable results for
the Monte Carlo simulations. A facua parameter of 0.25 was selected which aligns with
similar 1-D calibration work conducted by Nederhoff et al. (2015) for a buried seawall in
New Jersey. The Manning bed friction coefficient was initially modified to 0.030 s/m1/3.
While this adjustment improved the calibration of the 1-D model, the dimensionless
friction coefficient calculated using the Manning coefficient is depth-dependent which
causes errors when trying to parallel process multiple simulations with the script developed
in MATLAB (Roelvink et al. 2015). As a result, a Chézy coefficient value of 55 m1/2/s was
selected. This is the typical value for sandy coasts, but it was also found to be a reliable
value for conducting XBeach simulations of hybrid coastal risk reduction measures (Muller
et al. 2018). Due to the 1-D model response to the GSC and beachfront structure
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nonerodible layers, the erosion leading to exposure of the GSC-reinforcement toe was not
being simulated as it was in the 2-D model or observed in the field. As a result, various
beta and betad coefficients were analyzed and a beta value of 0.05 produced more reliable
results compared to the default value of 0.1. Beta is a roller dissipation coefficient and a
decrease in the value leads to higher roller energy and a larger undertow current (Rafati et
al. 2021). Betad is also a dissipation parameter, but it is used to alter long wave breaking
turbulence (Rafati et al. 2021).
4.3.3 Fragility Curve Development
Fragility curves require a large enough sample of data for the probabilistic analysis to
accurately represent probabilities of failure resulting from the full range of loads the system
may be exposed to (Schultz et al. 2010). This study utilizes results from the USACE’s
North Atlantic Coast Comprehensive Study (NACCS) to develop the statistical inputs for
the analysis (Cialone et al. 2015; Nadal-Caraballo et al. 2015). The study provides
probabilistic wave parameters at thousands of save points along the northeast U.S. based
on stochastic simulations of 1050 synthetic tropical storms and 150 historical storms. For
each save point, Annual Return Interval (ARI) data (mean and upper 95% confidence
interval) are provided for Hs and η. Due to the design life of the GSC-reinforced dune at
the site, wave height and surge data for ARI’s of 1, 2, 5, 25, and 50 years were used to
develop the fragility curves (USACE-NAN 2014).
Although the high density of NACCS save points along the coast provides
opportunities for coastal managers to conduct similar analyses for a reinforced dune and
beach system, caution must be exercised with simply using a save point near a prospective
site. Due to the coarse (200 m) resolution grid used for NACCS nearshore the Montauk
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site, there were significant discrepancies between the NACCS save point depth and the
actual charted depth for the same location. For example, save point #4873 near the XBeach
boundary for the Montauk site had a NACCS depth of 3.34 m (NAVD88), while the
reported depth from NOAA for the same location is approximately 11 m (NAVD88).
Concerns about how the depth discrepancy may affect the ARI statistical data modeled for
the save point resulted in the selection of a point further offshore where there was better
agreement between the NACCS and NOAA reported water depths. Since the farther save
point (#11341) selected for this case study is 5 km away from the XBeach offshore
boundary, the 2-D model STWAVE (Steady State Spectral Wave) was used to transfer the
NACCS spectral parameters for each ARI from the save point location to the XBeach
offshore boundary (Fig. 4.9). Assumptions for this transformation included a fully
developed sea relationship at the XBeach boundary to estimate Tp using Hs, a spatially
constant storm surge, and wave directions perpendicular to the shoreline.

NACCS #11341

Figure 4.9: Montauk area chart highlighting data locations with the XBeach offshore
boundary indicated by the green circle for the Montauk project.
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As noted from previous research, the required parameters to accurately represent a sea
state are the storm surge and the wave spectral parameters (η, Hs, and Tp). These are used
to quantify the environmental forcing for dune fragility analysis and GSC stability analysis
(Gruhn et al. 2012; Dassanayake and Oumeraci 2012b). In order to develop random events
to include the aleatory uncertainty associated to each spectral variable for specific ARI’s,
storms were generated randomly assuming an independent Gaussian distribution of each
spectral parameter and random numbers were generated within two standard deviations of
a normal distribution to capture the 95% confidence interval provided for each ARI in the
NACCS save point data. Using a random number, and the storm surge and wave spectral
parameters associated with an ARI (e.g. 1-year, 2-year, etc.), the mean η and Hs were
randomized accordingly. Since the storm surge was assumed to remain spatially constant,
the two randomized values and the transfer function developed in STWAVE were used to
determine Hs at the XBeach offshore boundary. The associated Tp was then calculated
based on the fully developed sea relationship. For each simulation, the randomized set of
environmental forcing parameters were compared to the design storm data modeled at the
offshore boundary in the XBeach 2-D calibration and the design storm was then scaled.
The range of random scaling factors for η and Hs along with how these scale factors modify
the design storm η input into each XBeach 1-D simulation is shown in Figure 4.10. Fifty
random simulations were performed for each ARI (e.g. 1, 2, 5, 20, and 50) along with an
additional 150 simulations around ARI-1 to ensure the fragility curves developed for
Damage States 1 and 2 accurately represented the fragility of these damage states.
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Figure 4.10: (a) Range of random design storm parameters for each ARI in the offshore
boundary condition (BC) of the XBeach computational domain, η (solid lines) and Hs
(dotted lines); (b) Comparison of the design storm η (solid line) to the η for examples of
random storm simulations for ARI’s 1, 5, and 50.
With a clear methodology established for the stochastic application of
environmental stresses on the beach/reinforced dune system, damage state criteria are
required to distinguish fragility curves from the damage functions used for their
development. Construction of a reinforced dune with subsequent beach nourishment is
likely to occur in an erosive environment to stabilize the coastline adjacent to vulnerable
infrastructure. In these environments, it is useful to characterize the four erosion regimes
using the framework proposed by Sallenger (2000): swash, collision, overwash, and
inundation. The swash and collision regimes describe where storm runup is either confined
to the foreshore or impacts the foredune, respectively. Overwash and inundation refers to
storm conditions that either periodically overtop the dune or completely inundate the dune.
These four erosion regimes may be used to relate the morphodynamic conditions to the
simulated damage of the system. Depending on the site characteristics and severity of the
storm events being simulated, the overwash and inundation regimes may be included in
this methodology if either condition results in additional damage to the system. However,
for the reinforced dune at Montauk, the expected annual frequency for inundation is greater
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than fifty years (i.e. ARI-50) and, while some ARI-20 and 50 simulations led to the
overwash regime, no additional damage could be quantified or led to a change in the
fragility of the system. Because of this, only damage due to conditions in the swash and
collision regimes was quantified.
For the Montauk site, the average field observations for the berm crest in front of the
dune prior to TS Hermine were consistent with the 2.61 m (NAVD88) design cross-section.
When applying the Stockdon et al. (2006) empirical formulae for the prediction of static
wave setup and swash values to the η values for the design storm and simulated storms,
water levels exceed the berm crest for all events (Schambach et al. 2018). As a result,
complete erosion of the berm is identified as Damage State 1. This was observed for 47
out of the 50 ARI-1 simulations (Fig. 4.11). The berm was also eroded in 100% of the more
severe ARI simulations that were conducted.
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Figure 4.11: XBeach 1-D simulation results for ARI-1. Solid red line represents the GSC
revetment, the dotted red line is the nourished cross-section, and all other lines represent
simulation results. Damage State 1 (complete removal of the berm) occurred in 47 out of
50 of the ARI-1 simulations.
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Damage State 2 was defined as exposure of the GSCs, which occurs within both the
swash and collision regimes. The transition from the swash to the collision regime occurs
during ARI-1 events and can be seen in Figures 4.11 and 4.12 where erosion of the dune
intersects the nonerodible layer representing the GSCs in the XBeach model. The
simulations conducted for ARI’s 1, 2, 5, 20, and 50 result in a variety of simulated GSC
exposure elevations ranging from 0.92 – 3.36 m (NAVD88). For reference, the design
values for the toe elevation below the first GSC row and crest of GSC-reinforcement are
0.63 m and 3.83 m (NAVD88), respectively (USACE-NAN 2014). As can be seen in
Figure 4.12, ARI-2 simulations result in the collision regime and varying levels of GSC
exposure for every simulation except one.
8

7

6

5

z [m]

4

3

Nonerodible
GSC Layer

2

1

Toe GSCs
0
60

50

40

30

20

10

0

x [m]

Figure 4.12: XBeach 1-D simulation results for ARI-2. Solid red line represents the GSC
revetment, the dotted red line is the nourished cross-section, and all other lines represent
simulation results.
Displacement of GSCs during the collision regime is defined as Damage State 3 and
is the final damage state analyzed for this site. Based on the hydraulic stability criteria
established from previous GSC research (e.g. Eq. 2), a Cw = 2.0 was used to establish the
threshold for initial displacement/incipient motion of a GSC. Oumeraci et al. (2003)
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observed that this lower threshold typically reflects the initial movement of crest GSCs
when performing experiments on revetments with a 1V:1H slope. While the actual (to date)
and simulated storm conditions never result in movement of crest GSCs, the upper GSC of
the self-healing toe, designed to protect the toe of the GSCs from scour, responds to
hydraulic forcing similar to a crest GSC since the overburden of another GSC is not present
(Hornsey et al. 2011). Such displacement was observed in a toe-GSC during TS Hermine
(Fig. 4.13) and reproduced in a couple of ARI-1 simulations where the randomized
environmental inputs resulted in similar simulated storm conditions. Using a Cw = 2.0 to
estimate incipient motion for slope GSCs, is conservative when estimating the fragility for
Damage State 3, but it is also reasonable since reducing the slope of the structure to 1V:2H
(e.g. Montauk design) will reduce the stability of slope GSCs (Hornsey et al. 2011). Since
one of the main objectives of the fragility curve methodology is to clearly describe the
performance of the GSC-reinforced dune, a fragility curve using Cw = 2.8 is also provided
for Damage State 3. This curve represents the potential pullout of a GSC and localized
collapse, thus the max capacity of the GSC-reinforcement where storms that exceed these
surge and wave spectral characteristics will likely impact adjacent infrastructure. The
results for the hydraulic stability analyses of the GSCs for each simulation are presented in
Figure 4.14. In order to conduct this analysis, the elevation where the eroded cross-section
intersects with the GSCs is used to estimate the water depth at the toe of the exposed GSCs
for each simulation, considering the surge, wave spectral parameters, and wave setup
calculated using the bed slope from the XBeach results (Stockdon et al. 2006). This depth
is then used to calculate Hi for each simulated storm event and the resulting Ns and ξ0 that
are compared to the stability threshold criteria developed by Oumeraci et al. (2003).
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Figure 4.13: Displacement of a self-healing toe GSC during TS Hermine (First Coastal
2016).
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Figure 4.14: GSC hydraulic stability analysis results for ARI’s 1, 2, 5, 20, and 50 compared
to initial displacement (green dotted line) and upper threshold displacement criteria (red
solid line) (Oumeraci et al. 2003).
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4.4. Results and Discussion
The three damage states and criteria identified for the Downtown Montauk GSCreinforced dune and beach system are used to develop the associated fragility curves.
Probability of failure values for each of the curves are calculated by binning a range of η
and determining the percentage of simulations within the bin that exceed the established
damage criteria. Similar to the Monte Carlo dynamic step size adaptation presented by
Bachmann et al. (2008), a range of bin sizes were checked, and a bin size of 0.2 m was
used to provide reasonable gradients for the curves presented in Figure 4.15. ARI wave
periods associated with these water levels are included to clearly represent the
environmental demand leading to the fragility of the system; ARI-20 is omitted for clarity
due to significant overlap with ARI-50.
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Figure 4.15: From left to right, fragility curves for Damage States 1 (berm erosion), 2 (GSC
exposure), 3 (GSC incipient motion/pullout) for the Downtown Montauk GSC-reinforced
dune and beach system.
The fragility curves for Damage States 1 and 2, clearly show the vulnerability of the
berm and potential for GSC exposure during the swash regime of simulated storms. These
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conditions were observed during TS Hermine and after most of the storms surveyed
throughout the three years of field studies, none of which had combined η and Hs demands
exceeding ARI-1 conditions. These curves are consistent with the guidance from the
USACE Coastal and Hydraulic Laboratory’s (2007) to communities on how a nourished
beach may change dramatically in response to storms and the curves can improve planning
of maintenance activities that a community may be responsible for. For the Downtown
Montauk Stabilization project, maintenance (i.e. renourishment) is required when the berm
elevation drops below 2.6 m (NAVD88) and when GSCs are exposed, in addition to some
other requirements (USACE-NAN 2016). The design estimates to address these
maintenance requirements annually are noted in Table 1 (USACE-NAN 2014). Once the
Montauk project was completed, the Town of East Hampton assumed maintenance
responsibilities for the site and the annual nourishment volumes/costs far exceeded the
USACE estimates for three of the four years (Table 1).
Table 4.1: Summary of design and incurred annual beach maintenance volumes/costs for
the USACE Downtown Montauk Stabilization Project (K. Shaw, personal
communication).
Volume (m3)

Unit Cost ($/m3)

Total Cost ($k)

USACE Design
Estimate
Town
Maintenance
Spring 2018
Spring 2019

2,141

46

98.5

23,000
26,000

43
38.5

986
1,000

Spring 2020
Spring 2021

765
15,000

N/A
59

N/A
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The relatively large distance in terms of water level from Damage States 2 to 3
highlights the increased capacity of the coastal system provided by the GSC-reinforcement.
If an unreinforced dune were considered for the current site cross-section, it would clearly
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plot between these two curves since infrastructure encroachment on the dune, in this case
the beachfront structure, limits the potential effective flood protection cross-sectional area
of an unreinforced dune to approximately 25 m2. When compared to the minimum 40 m2
cross-sectional area recommended to withstand storm surges with a return period of 50
years, this reduced capacity would lead to an increased probability of failure during more
frequent storm events (Gruhn et al. 2012). This highlights the benefits of fragility curves
to clearly show the vulnerability of a complex system and how it may be used to assess the
fragility of various design alternatives.
When modeling the more severe storm events, the nonerodible layer included for the
beachfront structure in XBeach mitigates the potential for global stability failure of the
GSC structure. Catastrophic or complete failure of the revetment cross-section was
anticipated as the final damage state if significant erosion of the supporting sand at the toe
or behind the revetment were simulated. This level of scour did not occur, even for the
most significant ARI-50 storm events. While there is a potential for collapse in the
simulations that exceeded the Cw = 2.8 threshold (Fig. 4.14), the GSC failure sequence of
displacement, pullout then collapse would likely result in localized failure above the
effected GSA, not global stability failure of the entire structure (Oumeraci et al. 2003). The
impact of the beachfront structure on the morphodynamic conditions was validated by
removing the nonerodible structure layer for a series of ARI-20 and ARI-50 simulations.
The resulting cross-sections were significantly different and included substantial scour at
the toe and behind the revetment that could lead to global stability failure if the beachfront
structure were not present. This illustrates the need to design any fragility analysis for
critical cross-sections at a given site.
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4.5. Conclusions and Recommendations
In many coastal communities, infrastructure encroachment on the natural beach system
constrains dune volumes which creates vulnerabilities and forces coastal managers to
consider alternative nature-based solutions for coastal storm risk management and
resilience. Dunes reinforced with GSCs have the potential to stabilize coastlines, protect
communities from smaller storm events (e.g. 50-year storms), and mitigate environmental
impacts while at the same time providing flexibility in design considering the uncertainty
regarding rates of sea level rise and the increasing destructive power of storm events. The
development of a fragility analysis of a GSC-reinforced dune that incorporates
recognizable damage states, 2-D and 1-D erosion modeling, and field data from a
reinforced dune in Montauk, NY offers a solution to reliably address uncertainties, assess
performance, and understand the tradeoffs of GSC-reinforced dunes for coastal protection
systems.
The devastating effects of Hurricane Sandy in New York highlighted the vulnerability
of communities throughout Long Island, including Montauk where storm surge and
significant waves decimated the beach and dune system severely exposing infrastructure
in the Downtown Montauk area. The proposed fragility analysis for the GSC-reinforced
dune and beach system provides a framework to predict the performance of the project
constructed by the USACE to stabilize the coastline in Montauk through probabilistic
simulations of storm events with ARI’s from 1 through 50. Identification of progressive
damage states and failure criteria for each of the significant components of the system (i.e.
berm, dune, GSC-reinforcement) led to the development of fragility curves that are a
powerful tool to guide the analysis of potential resilient solutions for other locations or the
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development maintenance/risk management strategies for existing systems. For Montauk,
the results clearly indicate the vulnerability of the berm and dune to relatively frequent
storm events (i.e. ARI-1, 2) and the resiliency added to the dune by the GSC-reinforcement.
The Damage State 1 and 2 curves also emphasize the level of maintenance required to
manage a reinforced beach system as was recognized by the Town of East Hampton where
annual maintenance volumes for three out of four years were at least seven times the
estimated volumes included in the project design.
The incorporation of fragility curves into hazard mitigation and loss prediction tools
like FEMA’s Hazus that can account for a range of damage from minor erosion to global
stability failure will better inform all stakeholders about the benefits and drawbacks of
adaptive, nature-based infrastructure. While the analysis presented in this research focuses
on a specific site, the methodology can be applied to any location especially as access to
calibration data is improving through efficient, precise, and cost-effective advanced survey
tools and software. As the modeling of reinforced dunes in XBeach advances, it is
recommended that the sensitivity of the results to the beta coefficient be further analyzed
similar to the research conducted by Rafati et al. (2021) for an unreinforced beach/dune
cross-section. Additionally, the inclusion of vulnerable infrastructure as a nonerodible
layer in the model clearly impacts the simulated morphological processes and estimated
resilience of the GSCs. Simulations of more intense storm events (i.e. ARI-100) may more
clearly indicate the vulnerability of the GSCs as the erosion regime transitions to overwash
and potentially inundation.
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